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PREFACE TO THE SECOND EDITION 

Only a few minor jirocessing operations have been abandoned 
si nee the First Edition of this book was published, but improve¬ 
ments in the accuracy of physical constants and the development 
of new processing methods make a Second Edition necessary. 
In addition to bringing material up to date, now chapters entitled 
'“Rebuilding Hydrocarbons,^' “Auxiliaries to Processing," and 
“Solvent Treating or Extraction Processes" have been added as 
\vell as entirely new material on multiple-component fraction¬ 
ation, catalytic processes, and solvent dewaxing. 

The conversion, by means of cliemical reactions, of the bulk of 
petroleum into new and dilTeront products frona those noimally 
found in crude oil is the major achievement of the past six years. 
Heretofore, the processing of petroleum has bc^en largely by 
means of physical processes except for the classic example of 
cracking or thermal decomposition, d'he gaseous hydrocarbons 
of 2 to 4 carbon atoms have been the raw stocks for most of the 
newly d(^veloi)ed process(‘s, hut tliere is justification to hope that 
in time nea?ly all of the hydrocarbons in petroleum will be 
identified and made available for synthesis into uniquely valuable 
new materials. 

W. L. Nelson. 

Tulsa, Okla., 

October^ 1941. 
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PREFACE TO THE FIRST EDITION 


There are many valuable reference books pertaining to petro¬ 
leum refining and the derivatives of petroleum, but as yet there 
lias been no adequate presentation of the fundamentals of engi¬ 
neering design and pro(;essiiig. It is my hope that this book 
will aid in (clarifying the many detail (pu^stions that arise during 
[ilant operation and that the book will encourage the refinery 
engineer to utilize th(? principles of ehenii(‘al engineering more 
fully. The book should ])e of value to (‘Ugineering students; to 
plant superintendemts, engineer's, chemists, and foremen; and to 
scientists who ma,y wish to follow the ap])lication of their theo¬ 
retical work. Asid(c from petroleum refining, the book should 
1)0 of interest to chccmical engineers be(*ause of refinery practice 
that may be applied to other industries. 

I regret that much us(cful information (‘ould not be discussed. 
Subjecds such as corrosion, pip(' and fittings, pumping e(]uipment, 
engin(‘ering and plant economics, (control instruments, and 
structural features are of vital importance, and they deserve 
more attention than this volume permits. 

Engineering involves tlie practical a|)plication of scientific! 
knowledge, and hence I have made a conscious effort to empha¬ 
size the practical phases of engineering work. In so doing it 
has often been necessary to resort to (vinpirica] relationships. 
No apology is ncc()8sary for such a treatimuit, because engineers 
must build and operate' plants regardle^ss of inadeepiate informa¬ 
tion. In fact the history of industrial development shows that 
(*omm(!r(ial plants are usuall}^ built before, the theory of the 
process is fully understood. Scientific study follows the empirical 
development, and science finally administers thejse fine improve¬ 
ments which stamp the new process as truly great. The process 
of empirical growth will always be the lot of the practical scientist 
or engineer. 

For the same reasons some handbook information has been 
introduced. Although such information is not profound, it is 
the tool by which theory can be put into action. Such informa- 
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tion is also necessary in the solution of illustrative problems, and 
I believe that no method of engineering study is more effective 
than detailed examples. Furthermore, an engineer must spend 
more time applying information than deriving or finding it, and 
hence handbook information and comprehensive references are 
provided. The current literature contains much that is useful, 
but the literature is so voluminous that it may be useless to a 
busy engineer unless it is presented in an organized form. I have 
attempted to organize this contemporaneous literature, but I 
have refrained as far as possible from tiring the average reader 
with too many references and conflicting opinions. 

By this practical approach I hope that the book will make our 
inadequate fund of information more useful to the engineer. 
The book deals mainly with design fundamentals, and it should 
complement and supplement other valuable petroleum books 
which deal with other phases of refining, such as Redwood^s 
‘‘Treatise on PetroleumNash and Howes* “Principles of Motor 
Fuel Preparation**; “Petroleum Technology,** by Gurwitsch; 
and “Chemical Refining of Petroleum,** by Kalichevsky and 
Stagner, Doubtless, the design methods here outlined will not 
always coincide with the methods used by other engineers, but 
by means of this structure of design methods we should all be 
able to gain a larger insight into petroleum processing. 

I find it difficult properly to acknowledge all of the contribu¬ 
tions to this volume. I am particularly indebted to Professor 
A. H. White of the University of Michigan, for inspiration and 
an appreciation of engineering endeavor, to Dr. S. Born of the 
University of Tulsa for a close cooperation in many phases*of 
the work, and to Dr. G. G. Brown of the University of Michigan, 
because of frequent references to his valuable work on natur^al 
gas and petroleum. 

I am indebted to Dr. Gustav Egloff of the Universal Oil 
Products Company, Dr. R. J. Kaufmann of the University of 
Tulsa, Mr. L. L. Davis of the Continental Oil Company, and 
Professor Walter G. Whitman of the Massachusetts Institute 
of Technology, for advice concerning parts of the manuscript. 


Tulsa, Okla., 
January^ 


W. L. Nelson. 
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PETROLEUM REFINERY 
ENGINEERING 

CHAPTER I 

CHEMICAL ENGINEERING AND PETROLEUM 
ENGINEERING 

The refining of petroleum constiiiitCvS one of the important 
branches of chemical engineering. The industry utilizes most, 
of the unit operations of chemical engineering, and mu(‘h of the 
modernization of the industry during the past decade can be 
attributed to the adoption of chemical engineering principles. 
The chemical engineer differs from the industrial or plant chemist 
in that he is trained as an engineer in the construction and 
operation of commercial chemical equipment, and he differs 
from the mechanical engineer because he has a more thorough 
training regarding the chemical and physical changes that occur. 
Thus, chemical engineering deals with processing operations, and 
petroleum refining is a typical process industry. Among the 
unit operations that are most widely used are fluid flow, heat 
transfer, distillation, absorption, filtration, and extraction. 
Some of the })urely chemical operations are treatment with 
sulfuric acid and with alkalies, percolation and contacting with 
fuller’s earth, cracking or thermal decomposition of heavy 
oils into lighter ones, and hydrogenation. The number of 
chemical engineering graduates that enter the petroleum industry 
is clear proof of the close relation of chemical and petroleum 
refinery engineering. In recent years more chemical engineering 
graduates have found employment in the petroleum industry 
than in any of the other chemical industries, such as organic 
chemicals, heavy chemicals, rubber, iron and steel, fertilizers, 
anu leather. The petroleum industry is also said to be the largest 
single market for chemicals. Considering the sale of sulfuric 

1 
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acid, alkalies, fuller^s earth, tetraethyl lead, alcohol and other 
chemicals as antifreeze materials, organic liquids for solvent 
extraction, and the many other chemicals that are used, the total 
market at the present time amounts to more than $100,000,000 
a year. 

Design and Operation. —The chemical engineer, by virtue of 
his training, is particularly qualified to supervise the design and 
operation of manufacturing equipment. The fundamentals 
of design and the fundamentals of plant operation are the same, 
and hence a d(>signer cannot hope to be entirely succ(^ssful unless 
he is an experienced operator, and corivc^rsely a plant cannot be 
operated most suc.cessfully or economically without a knowledge 
of design. In fact the very methods by which a plant is designed 
are the same as those used by an operator when he analyzes 
the behavior of the plant. 

In many ways the operation of an equipment may be more 
difficult than the design of the equipment. The designer is 
somewhat removed from many practical problems, and regardless 
of his ability he will be unable to anticipate all of the factors that 
may appear during o{)eration. The op(‘rator cannot avoid thcise 
factors—he must mc'et thorn in actuality, and his task is an end¬ 
less one. Thus, plant operators, superintendents, and even plant 
executives are interested in equipment design because it is so 
(dosely related to plant operation. 

Plant Development.^ —The training of the chemical engineer 
also fits him for the economic study of processing operations and 
the development of new proce.sses. Perhaps this accounts for 
the large number of chemical engineers that are employed 
as business executives. The development of a new process 
embraces the broadest type of knowledge. The process must 
be based on sound scientific principles; methods and equipment 
must be devised by whic^h the process can be carried to a com¬ 
mercial scale; and—of prime importance—the process must be 
economically feiisrble. A knowledge of the unit operations of 
chemical engineering is tne tool by which new processes may 
be transferred from the laboratory to full-scale commercial 
equipment. 



CHAPTER II 

HISTORY AND DEVELOPMENT OF REFINING 

Coal oil for household lamps Avas already being manufactured 
in the United States when the Drake discovery well (1859) 
was drilled. In 1846 Dr. Abraham Gesner had prepared coal 
oil from coal by thermal decomposition, and he lectured upon 
its manufacture and use. The country was truly interested in 
coal oil because sperm oil was becoming more and moie expensive. 
The number of coal-distillation plants in the United States 
during the years 1852 to 1859 has been estimated as 60. The 
largest of these was the Downer plant which involved an invest¬ 
ment of $250,000. This industry was thrown into confusion by 
the discovery of petroleum in Pennsylvania, and within a few 
years most of the coal-distillation plants had been adapted to 
the processing of petroleum. Although records show that 
petroleum was distilled in Russia in 1735,^ the first real refinery 
is generally conceded to be that of William Barnsdall and 
William H, Abbx)tt. This plant was built at Titusville, Pa., 
in 1860 at a cost of $15,000. Hundreds of small refineries, having 
daily capacities of 10 to 500 bbl., and several larger ones were in 
operation by 1873. 

Continuous Distillation. —All the earliest refineries operated 
by the batch system of operation. In this method a quantity 
of oil was charged into a vessel, and the products were distilled, 
one by one, by raising the temperature until a residue of heavy 
lubricating oil or tar remained in the still. Although the 
batch method survives even today in small plants, enterprising 
refiners soon recognized the advantages of continuous operation. 
In 1860 a patent was granted to D. S. Stombs and Julius Brace 
disclosing the essentials of a continuous system. In such a 
process the crude oil is admitted to the plant continuously, and 
the products are collected continuously therefrom. Batch or 

1 Herodotus (450 B.c.) and other historians report petroleum and tar 
(under other names) at dates before 1735, but they do not tell how the oil 
was refined. 
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intermitterit processing mth a cycle consisting of (1) charging, 
(2) operation, and (3) shut-down is wasteful of labor, material, 
and fuel. Truly successful continuous plants were not in 
operation until after the patents of Hill and Thumm of Oil City, 
Pa., in 1870; of Van Syckles of Titusville, Pa., in 1877; and of 
Norman H. Henderson, an Englishman, in 1889. Although the 
M. J, Trumble patents (1911) are usually considen;d as an 
innovation in fractionation, nevertheless they involve the use of a 
continuous tubestill heater and disclose tlu' conception of modern 
continuous distillation. The first successful Trumble plant was 
built at Vernon, Calif., in about 1912 by the General Petroleum 
Corporation. Since that time the tubestill or pipestill has been 
finding increasing usefulness. As will ):>(' discussed later, the 
{)ip(\still is necessary if thc‘ j)rinciples of fractionat ion in a ))ubble- 
tower are to be completely utilized. The pipestill has the further 
advantage tliat it allows an absolute control of the velocity of 
the fluid past th(‘ heating surface. The advantages of circulation 
liave long bi'en recognizi'd evcm in slu'llstill practice. The Hill 
and Thumm patent of 1870 specifies that the oil shall flow 
continuously in a thin st rc'am over the heating suiface, and more 
nM'ently C. W. Stratford introduced a sludlstill with a manifold 
of nozzl(‘s arranged along tlie bottom of th(^ still. Modern 
distillation |)lants ai'(' completely continuous, with the exception 
of cok(*stills whicli are operated either as l>atch or as semi- 
contiuuous opt'i’ations. In modern plants several distillation 
units ar(‘ often connected together so that the hot product from 
one unit (usually the residue) is purnixHl directly to another. 
Also, several units may liave a common heat-excliange system 
by which the cliarge stock for one unit is heatiKl in other units. 
In other phases of ridining, such as treating, dewaxing, com¬ 
pounding, and packaging, the j)roc(‘ssing is still partly batch or 
semi-continuous, but continuous operation is not of gr(*at value 
in these ot)erations. 

Cracking or Thermal Decomposition. —Even the phenomenon 
of cracking is not a modern development. True, the large plants 
and the wholesale manufacture of decomposition products are 
new, but thermal decomposition was actually practic^ed in the 
distillation of coal and oil shale even liefore the days of the oil 
industry. During the first years of the petroleum industry a 
“cracking distillation,” in addition to the customary distillation 
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w i ll steam, was practiced. The crac^kiiig distillation is reported 
to have been discovered accidentally in 1861. A distillation in a 
16-bbl. still liad been half completed, and the Stillman had 
built a strong fire. The stillman intended to be away an hour 
but was unable to return until 4 hr. later. He found that a light- 
colored distillate of a low' specific gravity was being collected. 
The specific gravity w^as even lower than that of the product 
before he left. Upon investigation, it w'as found that a heavy 
oil was condensing on (cooler parts of the equipment and dropping 
back into parts of the still that were at a temperature suffi¬ 
ciently high to cause decomposition of the heavy oil mto lower 


Refinorj’' statistics* 

i 1931 

1 

1941 

Operating capacity, U.S. bbl. per day ^ 

js. 913,180 

4,524,775 

Cracking c.apacity, U.S. bbl. per day.. 1 

11 ,844.1)09 

2.270,200 

Percentage* of oil cracked. 

47.2 

50.2 

Cracked gasoline, perca^ntage of totalt 

40.0 

47.8 

Number of operating ndineries. 

397 

459 . 

Foreign capacity, bid. per day. 

2.051,300 

3,202,885t 


* U.S. Bur. Mines, Statistical Econ. Surveys and Oil (kis Mar. 27, 1941. 
t Preliminary fiRure* for 1940 from “Facta and Fignrc.s" of the A.P.I. 
t rigure for 1938. 


boiling-point products. In the early days of the industry 
gasoline was of little value, and cracking w^as practiced for the 
purpose^ of producing more kerosene than could b(^ obtained by 
steam or sinijile distillation. The first attf'inpts to products 
gasoline by cracking were by the decomposition of petroleum 
vapor. Although none of these first attempts w iu’e commercially 
su(;cessful, tht‘y are w'ortliy of mention. Early patents in vapor- 
phase cracking an^ those of Greenstreet, Rittman, Alexander, 
Hall, Parker, the Gema-al Petroleum Corporation, the Texas 
Products Coinjiariy, Ramage, and others. However, vapor- 
phase plants w'ore not entirely succe.ssful until about 1925. 
At that time the Gyro and do Florez processes were being 
developed. 

The liquid-phase cracking processes were the first to be 
commercially applied, and the Burton process was the first to be 
practiced on a large scale. Development began in 1910; a 
patent was issued in 1912; recognition of Dr. Burton by the 
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Willard Gibbs Medal was given in 1918; and by 1921 over 
800 Burton stills were said to be in operation. Other early 
liquid-phase processes were the Fleming, Isom, and Emerson 
processes. 

The importance of cracking in the modern refinery may be 
emphasized by a few statistics as shown in the table on page 5. 

Although the names of cracking processes have lost much of 
their significjance, the following is a list of the approximate daily 
capacities of cracking plants proposed and/or completed during 
1938 -1939 as recorded in ^^The Cracking Art in 1938 (and 1939)’' 
by the Universal Oil l^roducts Company of Chicago, Ill.: 


Capacity of Cracking Plants Installkd in 1938-1939* 
In barrels per day of charKiiij^ stock 



United 

Statijs 

! 

Foreign 

i 

Iloudrv and other eatalytie. 

Dtihys ... . 

252.500 
54,745 

104.500 

13,100 

51,110 

255,750 

Coiid)iiiati()n and others. 

'^Potal . . 

471,yd's" 

319,960 



* Cornplcto iis not availahln; 150,000 tons of crude aud cracking capacity 

iiiHtulled itj lOiHsia is not listed. 

The general scheme of processing is much the same in all 
modt^rn cracking plants. The advantages of cracking only those 
stocks which contain no cracked tar is recognized by all. A 
residual chargostock is often distilled in the cracking unit 
itself, but only the distilled part of the stock is exposed to cracking 
conditions. Howevt-r, residual stocks are cracked directly in 
some processi's, Tlii'se processes usually produce a slightly 
larger yield of gasoline, but the length of time on stream may be 
short. Another generally recognized advantage is the use of a 
quench-stock to cool the cracked material rapidly from the 
cracking temperature to a temperature low enough to avoid 
the deposition of coke. All systems are continuous, unless coke 
is being produced. 

The newest developments in cracking are ‘‘viscosity-breaking" 
plants and “reforming" plants. In the first of these only a mild 
decomposition takes place. The purpose is to decompose the 
oil just enough to lower its viscosity and pour-point, so that it 
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can be pumped more easily. Little or no gasoline is produced. 
Reforming units are cracking plants that operate on naphtha or 
low-octane-number gasoline. The naphtha is decomposed into a 
large percentage of highly antiknock gasoline. These units were 
developed in response to the growing demand for the anti¬ 
knock gasoline that is required for modern automobile engines. 
Although hydrogenation may not belong under the heading of 
cracking, it is so similar to cracking that it should be mentioned 
at this point. Since 1927 the process of hydrogenation, as 
developed by the Standard Development Company, has attracted 
much attention. This process differs from cracking mainly 
because of the introduction of hydrogen, in the pi-esence of a 
catalyst, into the decomposition zone. Assimilation of hydrogen 
occurs at elevated pressures and temperatures. The process 
may be adapted to the manufacture of most of the commercial 
oil products, whereas cracking is practiced only for the manu¬ 
facture of gasoline. In the future we may expect that the hydro¬ 
genation plant will be the very nucleus of refinery processing. 

Fractionation. —The term fractionation refers to the separation 
of a liquid mixture into several products of shorter boiling-range 
by means of vaporization. In early refineries this separation 
was obtained by a series of distillations in wliich, first, an inac¬ 
curate separation was made and then the partly separated 
products were redistilled several times, if necessary, until finally 
the product met market requirements. The next development 
was to fractionate by partial condensation; i.c., a mixture of 
vapor was condensed in portions by successively cooling the 
vapor to lower and lower temperatures. An invention of this 
nature was that of Hugh L. Allen (Eng. Pat. 117,277-1918) in 
which the vapor was successively cooled by means of a series of 
air-cooled condensers into several liquid products. This type 
of separation, although it is practiced even today, has not proved 
to be widely useful. 

The modern era of refining dates from the adoption of pipestilLs 
and bubble-towers. The name bubble-tower has become com¬ 
mon because the vapor in the tower bubbles through the liquid 
on the plates in the tower. In bubble-tower fractionation a 
mixture of ascending vapor is scrubbed by a descending flow of 
oil. Bubble-towers have been so universally adopted, all within 
a few years^ that no one can be accredited with invention. In 
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fact the fundamentals of fractionation were borrowed directly 
from the chemical distillation industries. 

Bubble-tower fractionation is the standard method of separa¬ 
tion used in all phases of modern refiiK^ry distillatipn. Bubble- 
towers arc used in topping plants, rerun plants, vacuum plants, 
cracking plants, natural-gasoline siabilizcjrs, absorption plants, 
and steam stripping operations. 

Natural-gasoline Plants. —N atural gasoline attracted li ttle 
attc^ntion until about 1912, at which time the demand for motor 
fuels became acute. Today more than 7 per cent of all the 
gasoline produc(‘d is manufactured from natural gas. The first 
wid(^ly used m(‘thod of n^covery wiis the compression process. 
As gas is compressed, t lie dew-point is raised so that, upon cooling 
to tlu^ original temiierature, a mixture of hydrocarbons condenses. 
The condensate (*ontains a large percimtage of volatile hydro- 
(•arbons, such as pi*opan(‘, which must. b(‘ rcmioved bi'fore the 
gasolin(‘ is a suitabh^ motor fiud. The first m(‘thod that was 
us(h 1 to I'lmiove tlu'Si' hydrocarbons from the raw gasoline was 
calked “ weat h(‘ring.^' Weat hering was accomplished by allowing 
the wild ’’ gasoline' to stand in an open v(‘ssel for a t irne. A largo 
part of the gasoline was lost during this weathering. 

In lat(M' i)roc('ss(‘S, natural gas was passinl througli absorption 
chambers or packi'd columns, in which thi' gasoline was absorbed 
by naphtlia. I'hesc* na])htha-coIumns finally di'veloiied into the 
absorption process of today. In the alisorption process the 
natural gasoliiu' is absorbed liy a low-l)oiling-range gas oil, and 
th(‘ gasoline is r(*c,ov(‘r(‘d from the rich gas oil by heating it and 
stripiiing the gasoline from it with steam. 

For a f('W years following the First World War the adsorption 
process rec(*ived much attention, but since that tim(; it has been 
almost abandoned. In t his process the gasoline was adsorbed by 
charcoal and n'cen'ered from the charcoal by steaming. 

The high-i)n'ssuie absorl)er is one of the newest devc'lopments 
in natural-gasoliiK' manufacture. Much smalha* quantities of 
absorption oil ai’e required. Usually it does not pay to compress 
the gas, so that high-pressure absorption is usually limited to 
the processing of those gases wliich are already at a high pressure 
at tlie field. Natural gasoline is no longer weathered. The wild 
gasoline is stalnlized by fractionating it at a pressure of about 
150 lb. per square inch in a fractionating or stabilizing column. 
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Dewaidng. —The filter-press method of dewaxing, as originally 
used in Scotland for shale oil before the development of the oil 
industry, is still the most widelj^ used method (1939) of dewaxing 
the lighter wax-bearing oils. Heavy residual wax-bearmg stocks 
were first dewaxed by cold-settling. The early refiners discovered 
that a waxy layer of oil was deposited in the bottoms of crude- 
oil storage tanks, if the tanks were allowed to stand full of oil 
through the winter. The cold-settling method Avas a develop¬ 
ment of this practice. The oil was chilled and allowed to stand 
in insulated tanks. The centrifuge process of dewaxing residual 
stocks was studied for many years before it was entirely success¬ 
ful. The difficulty had been the obtainmont of sufficiently high 
(jontrifuge speeds and the removal of the petrolatum wax from 
the bowl of the machine. In about 1921 warm water was 
suggested as a carrying liquid to be injected at the edge of the 
bowl. The use of warm water was succ(*ssful, and tlie centrifuge 
method of today is essentially the same process as was thmi 
used. 

Recently, solvent dewaxing methods have beciome important. 
An important advantage of these pi-ocesses is the ability to handle 
both light and heavy wax-sto(*ks by a singh‘ ])r()cess. Many 
different solvent processes are being })ra(tic('d commereially, but 
as yet no one j^roccsss lias b(‘en accepted to th(‘ exclusion of otlun’s. 

Chronology of Market Demands. —In the following outline no 
attempt has lieen made to set. the date at which pro(;(^sses 
wei'e conc(iv(*d. Devciopments are not mentioned until the time 
when they wen^ generally ac(a‘ptcd by tlu* industry. 

1860 to about 1885.—Thc^ major nTiruay [iroduct was kerosenes 
or burning-oil. During this period disfavor was brought upon 
the industry by the sid(' of burning-oils that contained too much 
gasoline. Laws were enact(‘d limiting their flash-point. 

1885-1900.—Mineral lubricating oils gained favoi* with the 
public. Until this time vegetable oils were (amsidered the best. 
Paraffin-base lubricating oils gained a favorable reputation which 
has been retained to this day. 

1900-1914.— Shortly after 1900 gasoline began to be valuable, 
and wdthin a f(wv yt^ars it had grown to be the most useful refinery 
l)roduct,. The demand became so great that many new oil 
fields were discovered, and fundamental improv(*ments in refining 
methods ensued. The compression process for the recov(n\^ (jf 
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natural gasoline was developed, and experiments were conducted 
concerning cracking. 

1914-1925.—The ever-increasing demand for gasoline caused 
the refiner to turn to methods of recovering more of it from crude 
oil. The cracking processes were brought to a high degree of 
perfection, and the fundamentals of heating, fractionation, heat 
transfer, and absorption were developed and put into practice. 
(Continuous processing systems using fractionating towers, pipe- 
or tubestill heaters, and heat exchangers w ere developed. Struc¬ 
tural equipment was developed for high pressures and high 
temperatures. In 1920 a marked increase in the use of fuel oil 
for the generation of power was noted, and the tendency has 
continued until today. 

1925-1929.--During this period the large profits from lubricat- 
ing-oil processing attracted attention, and vacuum distillation 
was developed. Until this time vacuum distillation had not been 
truly suc(^(^ssful, because batch or shellstill heating had to 
be used. The lu^wly acciuired knowledge of pipes till and frac- 
tionating-tow’er d(\sign made the development of continuous 
vacuum-distilling systems a logical step. Low cold-test oils 
were produccxl by direct expansion of ammonia rather than by 
the customary method of circulating brine. Continuous pipe- 
still equi])ment w as adai)ted to all distillation operations including 
the rerunning of pressunMlistillate and lubrical ing-oil stocks. 
The Edeleanu method of solvent treating proved to be com¬ 
mercially suc(*essf 111 . 

1929 1935.—The demand for highly antiknock gasoline 
resultc'd in the development of vapor-phase cracking plants, 
gasoline-reforming units, and an ever-increasing use of cracking 
plants. The hydrogiaiation proce.ss was developed, but it has 
not been widely used because of unfavorable economic conditions. 
Several successful solv ent-dewaxing and solvent-treating methods 
were developed. High-viscosity-indcx lubricating oils are pro¬ 
duced by solvent-treating methods. Vacuum distillation was 
wridely applied to the manufacture of road oil and asphalt. 

1935-1941.—Polymerization, dehydrogenation, and alkylation 
processes were applied to the hydrocarbons propane and butane 
which are found in natural gas. These processes provided a 
source of unsaturated hydrocarbons that w^as increasingly useful 
in developing a petroleum chemical industry. Catalytic cracking 
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processes which utilize a catalyst to assist and control the crack¬ 
ing of petroleum were introduced and along with the preceding 
processes permitted the manufacture of 100 octane number 
airplane fuel. Most manufacturers prevented the formation of 
gum in cracked gasoline by the use of inhibiting agents—and 
colored gasolines were generally accepted by the public. 

The Magnitude of the Industry. —The “Biennial Census of 
Manufactures” and the “Statistical Abstract of the United 
States,” both by the Department of Commerce, indicate that 
the manufacture of petroleum (and coal) products is of national 
importance. In the year 1939, by value of plant products, 
petroleum and coal products ranked fourth among the 16 major 
groups of industry. 

Compared with individual manufacturing industries, petroleum 
refining commands an even more important posilion. By value 
of products in 1939, the motor-vehicle industry ranks first at a 
value of $4,039,930,733; steelworks and rolling-mill prodiu^tion 
valued at $2,720,019,564 is second; and wholesale slaughtering 
and meat packing is third with $2,648,325,552, closely followed 
by petroleum refining with products valued at $2,461,126,549. 

In 1890 the value of refinery products was about $85,000,000 
per year, and ])y 1937 al>out $2,546,746,000. In 1939 there 
were 463 operating refineries in the United States having a daily 
capacity of over 4,000,000 bbl. per day. The industry grew 
rapidl.y from about 1912, at which time the demand for gasoline 
became important. 
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CHAPTER III 

INTRODUCTION TO PROCESSING 

There are three general types of crude oil, viz., paraffin base, 
mixed base, and naphthene (asphalt) base. These classes and 
their identification Avill be discussed in detail in Chap. VII. 
The student- should beware of attaclung too much importance to 
this classification, but it is useful to men of wide experience. 
Crude oil varies greatly in composition, so that no definite^ gi’oup- 
ing is possibh'. In g(nieral the oils fall into lJi(> foregoing classes, 
but few oils are typically j)araffin, naphtluMK', or mixed base. 

Variety in Processing Methods. —Be(*ause of the differenc(‘s 
in crude oils, we find that processing methods differ. We may 
safely say that no two plants ai'c employing (exactly the same 
proc(\ssing scheme. What may be a perfect method of handling 
oiK^ oil may be inadcMiuate for anoth(u\ The refining of an oil 
is^ of course, an (economic pi‘ol)l(un. (1) What, are the value and 
the accessibility of the raw stock; (2) what ai*e the value' of tlu^ 
j)roducts and the possil)ilitics of marketing them; (3) what 
yields of products are to l)e exp(*cted; and (4) wliat- will it (*ost 
t-o pro(!ess tlu^ stock? Theses fact-ors promote the use of many 
diffenait processing plans. 

Refinery Products.^ —A study of the products of refining will 
}iel|) to show why so many different })rocessing methods are used. 
The more important refinery products may be* grouped as follows: 

1. Natural and refinery < 7 a.v -lioiisehold and industrial find. 

2. Gasoline —fuel for inlcrnnl-cronibustion engiin^s. 

3. Naphtha and benzene —<d(\aner’s solvents, paint thi/iners, (dioinical 
solvents, and stocks for the l)l(*nding of motor finds. 

4. Kerosene —^burning-oil for household lamps. 

5. Distillates and gas ail (distilled products)—finds for industrial and 
houscdiold furnaces, eiiriidiing agents in gas manufacture, and absorbents 
for hydrocarbon gases.* 

6. Neutral (w7.?~light or low-viscosity lubricating-oil stocks for the com-' 
pounding of motor oils. 


See Chap. IX for details. 
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7. Brightstock —heavy or high-viscosity lubricating-oil stocks for the 
compounding of motor oils. 

8. Cylinder oils —unfinished heavy-oil stocks used directly as lubricants 
for steam-engine cylinders or for the manufacture of brightstock. 
Usually filtered but not dewaxed. 

9. Paraffin wax~UHox\ for the manufacture of wax paper, insulating mate¬ 
rial, package sealing, etc. 

10. Petrolatum (noncrystalline wax)—^base material in the compounding of 
greases, salvos, and ointments. 

11. Fuel oil (residual produet)—industrial fuel. 

12. Tar and asphalt —asphalt, road oil, roofing materials, and protective 
coatings. 

13. Petroleum coke —solid industrial fuel. 

General Processing. —The most important method of sepa¬ 
rating petroleum products is distillation, and hence the products 



Fiq. 1.—Boiling range of refinery products (31.7 A.P.I. Texas mixed-base crude 

oil). 

should be compared with one another in the order of their boiling- 
ranges. A mixed-base oil might jdeld products as indicated in 
Fig. 1. Figure 2 likemse indicates the relation among the raw 







RAW STOCKS-INTERMEDIATE PRODUCTS-MARKET PRODUCTS 



-Relation between finished, intermediate, and raw products. 
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materials, the intermediate refinery stocks, and the finished 
market products. The dotted lines indicate products obtained 
by cracking. The products obtained by distillation are called 
raw products, and most of them cannot be sold until they have 
been further refined. 

R.aw gasoline and raw naphtha are often treati^d with chemical 
agents such as sulfuric acid, sodium hypochlorite, or certain 
earths. Kerosene usually requires only a swe(‘tening treatment; 
but for fine coloi-s, acid treatment or filtration is used. The 
distillate fu(‘ls and gas oil are usually sold without being refined, 
but when used foi* sp(‘cial puri)os(*s they are also treated with 
sulfuric acid. Pressure disiUlaie or pressure gasoline, obtained 
by cracking or thermal dec()mi)osition (Fig. 2), may Ix' tr('at(xl 
with a(‘id and redistilled or treated in the vapor-])hase with fuller^s 
eartli. Natural gasoUnc, obtained from natural gas, usually 
r(K|uin‘s only a sweetening tn^atment for th(‘ ixunoval of hydi'ogtai 
sulfide. 

Wax distillate, the raw stock for the manufacture of the light. 
lubricatiTig oils or neutral oil-ldending stocks, contains crystalline' 
wax. The wax is r(‘moved by chilling the distillate and filte'ring 
the wax from tlu' oil in filter pre'sse's. Two unfinished stocks. 
sk i^ wa x and pressed distillate, tuv obtained in the pressing 
oiK'ration. Neutral oils- an' produced from the pressed distillate' 
by elistillation and sul)s('(juent filtration through fuller’s earth. 
Oueie scale ? is produce'd frenn slae*k wax by ‘bsweating” or, in 
e)tIuT^wends, by slowly warming the chilled slack wax so that, the> 
oil and low-nu'ltiiig mate*rials, whicii together are called foots 
jlil, nu'lt and drain from the slae;k wax. Crude scale is slightly 
yellow in cole)r, and this ce)le)ratie)n may be remove^d by treatment 
with ae'id e)r caustie* or by filtering the melted wax through clay. 
Cylinder stock is another wax-bearing prexiuct, but the wax is 
such tliat it cannot be filtered from the oil in wax presses. This 
so-call('d amorphous wax or petrolatum stock may be removed 
by dissolving the oil in naphtha, filtering the solution to a proper 

* The neutral oils arc often referred to as pale or red oils. In the past it 
was thought that part of the wax distillate had to be cracked to produce a 
pressable material, and the neutrals from the cracked distillate, being a 
deep-red color, were called red oils. The terms have now lost their original 
significance, and the term red oil is usually re8er\^ed for any neutral oil that 
is darker than 3 
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color through fuller’s earth, and centrifuging the chilled solution 
in high-speed centrifuges. The products from this separation 
are solutions of hrightdock and petrolatum. The naphtha Is 
removed from the solutions by distillation, leaving finished 
brightstock and petrolatum. 

Cracking Distillation. —Materials such as cracking-still gas^ 
pressure distillate, cracked gas oil, and pressure-still tar, which are 
the products of cracking, haA^e already been mentioned. By 
cracking we refer to the decomposition of heavy or high-boiling 
oils by heating. At temperatures exceeding about 680°F. 
materials such as gtis oil, fuel oil, and tai*s are decomposed into 
(1) gas, (2) volatile materials (pressure distillate) having the 
same boiling-range as gasoline, and (3) a residue of heavy 
material (cracking-still tar) or coke. Pressun^ distillate receives 
its name by reason of the high pressures that arc' usually main¬ 
tained in the cracking eciuipment. Crac'ked gasoline from 
pressure distillate is highly valued as an ingredient of the superior 
antiknock motor fuels. Likewise the residue, if cracking is not 
conducted to the ultimate formation of coke, is called pressure- 
still tar. 

Recycle stock or crackc'd gas oil, an intermediate between the 
two foregoitig products, is also produced. Recycle stock has 
about tlie same boiling-range and about the same physical 
characteristics as gas oil. This material is normally recycled 
through the cracking system so that it is completely used in the 
cracking reaction, but a part of it is sometimes sold as distillate 
or gas oil. 

Summary.—In general the refining of petroleum is carried out 
as outlined in this chapter. However, crude oils vary widely in 
their properties, and some may not yield all the foregoing 
products or may contain such small amounts of certain of the 
products that their manufacture is not profitable. Likewise, 
certain oils are inherently superior to others and may not need 
the treating of finishing operations as outlined, but others may* 
need an ca'cii more vigorous chemical treatment. Still further, 
the particular market conditions that each refiner must meet are 
an important factor in governing the extent of the refining 
operations. Certain localities have become accustomed to using 
discolored gasoline; others demand a white gasoline; and still 
others prefer- a dyc'd gasoline, to which the coloring matter may 
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have been added for the express purpose of masking the yellow 
color and simplifying the refinement. Likewise, in certain rural 
districts the customer will not buy a light-colored motor oil 
because he fears that the oil is not viscous, whereas in the city 
the darker colored oils may bo considered as insufficiently refined. 
All of these factors tend to create a large number of different 
processing methods. 

In general, paraffin-base raw products are the most easily 
treated, and the others follow in the order mixed-base and 
naphtheiKvbase. This applies to the light distillates such as 
gasoline, as well as to the heavy lubricating oils. Naphthene- 
base oils usually contain more sulfur than mixed-base oils, and 
paraffin-base oils may contain scarcely any sulfur. Paraffin- and 
mixed-base crude oils contain wax, and this must be removed in 
producing finished market products. The fact that a true 
naphthene-base oil contains uo wax simplifies the manufacture of 
hibricants. 

These characteristics govern the methods of processing that 
are used for the different l)ases of oils and the products that are 
manufacturc^d. Paraffin-base oils are particularly suited for 
the manufactun? of lubricating oils. However, the gasoline 
knocks badly in modern automotive engines. Lubricating oils 
are also produced fi*om mixed-base oils, but acid treatment is 
usually necessary, and hence the expense of manufacture is 
greater. Vacuum distillation is particularly adapted to the 
processing of mixed- and naphthene-base oils because most of 
the asphalt or tarry material may be left as a distillation residue, 
and the distilled lubricating-oil stocks can be treated more easily 
than residual stocks. Naphthene-base oils produce good asphalt 
and usually in quantities large enough to justify its manufacture. 
The gasoline from naphthene crude oils is usually highly anti¬ 
knock and may often be sold directly as premium-grade motor 
fuel. Large quantities of residual fuel oil and gas oil, of mixed- 
and naphth(*ne-base origin, are sold, but most of the residue that 
remains after skimming the gasoline and kerosene is cracked. 
By cracking, the total yield of gasoline may be increased from 
about 30 per cent by simple topping, to as much as 70 per cent 
by topping and cracking. 
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The industry has adopted the following general types of 
processing: 

Skimming or Topping Processing. —By simple distillation the 
crude oil is s(vparated into gasoline, kerosene, fuel oil, or reduced 
crude oil and sometinu's gas oil. Topping is practiced on all 
types of crude oils (Fig. 8a). 

Cracking Processing. —This type of proc(!Ssing usually refers 
to a combined operation of skimming and cracking. No lubricat¬ 
ing oils are i)roduc(‘d in this type of operation. All bases of crud(‘, 
oil may l)e crack(‘d, but the residual stocks from paraffin-base 
crud(‘ oils are seldom cracked (Fig. 3?>). 

Lubricating-oil Proccssimj. —Skimming [)i‘oc('ssiiig and tin' 
manufactun' of luln-icants ar(^ inferred by this typo of proc(\ssing, 
but no cracking is })racti(‘ed. Paraffin-base crude oils are always 
processed for lubricants. Mixed-base oils are oft;en process(xl 
thus, but naphthene oils arc not process(‘d for lubricants except 
under particularly favorable conditions (Fig. 3c). 

Complete Processing .—M ost of the 1 arger plan I s ]) rac ti ce 
skimming, (‘racking, and lubri(^ant manufac^ture simultaneously, 
and this practice falls under the heading of complete processing. 

Tlie mat('rials and methods ouMiiu'd in this chapt(‘r constitute' 
th(' most important orif^s. Many of the products found on the' 
mark(‘t are made* by Idending th(*se stocks togc'tlun* to mi'ct 
particular industrial reciuin'mcaits. As an exami)le, the' various 
grad('s of rnotoi’ oil and machiin' oil are' prepared l)y compounding 
different amounts and graders of the neutral oils and brightstock. 
\'e‘ry heavy aero-oils, etc., consist mainly of brightstock, and 
sewing-machine oil consists mainly of nonviscous neaitral oil. 
The de'tails of the proce'ssing operations and the pi'oc'essing eepiip- 
ment will be enlarged upon in Chaps. XVII-XVIII. 



CHAPTER IV 

COMPOSITION OF PETROLEUM 

Most of the compounds found in petroleum are composed of 
hydrogen and carbon. In addition to these materials, called 
liydrocarbons, other compounds containing small amounts of 
sulfur, oxygen, and nitrogen are also present. The physical 
operations of n'fining, such as vaporization, fiactionation, and 
cooling, are governed to a large extent by the properties of the 
hydrocarbons because they constitute the bulk of the petroleum, 
but the chemical operations, such as tn^ating and filtering, 
ai’e governed by the presence of sulfur, oxygc^n, and nitrogen 
compounds and, to some extent, by the small amounts of reactive 
hydrocarl:)ons that may be presiait. Russian crud(‘ oils' and 
certain naphthene-bas(^ oils (a>ntain relatively large amounts of 
oxygcni. The o\yg(‘n is ofttm com})ined in the form of naphtlienic 
acids. Nitrog(‘n is most often found in na])hthene-base oils 
and is g(MU‘rally supj)os(‘d to be in tiie form of basic compounds 
similar to the alkyl quinolines.- Sulfur may be present as 
dissolved free* sulfur, h^^drogen sulfide, or as organic compounds,® 
such as the thiopheiu'S, sulfonic acids, irKU-captans, alkyl sulfates, 
and alk^d sulfides. Some of these sulfur compounds are not 
found in crude })etroIeum, but th(\v are produced from other 
compounds during distillation and refining. Only tracx's of sulfur 
have becMi found in tyf>ical ijaraffin-base oils. Sulfur compounds 
are particularly troul)l(^some b(‘cause tliey are usually foul 
smelling and some of them are corrosive. 

Many series of hydrocarbons are found in crude petroleum, 
and still other sia ies are produced by cracking and hydrog(mation. 
Among the scries that are said to have been identified in petro¬ 
leum are those having the type formulae CnH 2 n 4 - 2 , CnH 2 n, 
C.'7ill2n—2j C/nH2n—4j C„H *2n —0; OnH2T»—8> OnHon—fOy OnH2»—14, and 
CnH 2 n- 2 o. luasmucli as most of the higher members of these 

^ Vtjistavkina, T., Neftyanoe Khozyaistvo, 18, 1000 (1930). 

JSenuLZE, Kino, and Thompson, J. Am. Chem. Soc., 62, 1239 (1930). 

^ Eqloff and Morrell, Chem. Met. Eng.^ 28, 633 (1923). 
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series have never been produced synthetically or prepared in 
sufficient quantity for study, we have few compounds with which 
to compare those which are isolated from petroleum. Further¬ 
more, the isolation of pure compounds is extremely difficult 
because the properti(\s of adjacent members of a series differ from 
one another only slightly and because constant-boiling mix¬ 
tures, which cannot be separated by fractionation, are prevalent. 
These diffi(;ulties and the multitude of hydrocarbons that are 
present in petroleum'' have discouraged the study of petroleum 
chemistry. 
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Hydrocarbon Series.—Of the many hydrocarbon series present 
in petroleum, only a few have been studied thoroughly enough to 
guide commercial development. The best known scries are the 
paraffin, olefin, naphthene, aromatic, diolefin, and acetylene 
(Figs. 4a to / are examples of the structural formulae of these 
types of compounds). 

^ Some authorities estimate that 3,000 compounds may be present in 
crude petroleum. 
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The paraffin series (type formula CnH 2 n+ 2 ) is characterized by 
great stability. The name of each member ends in -ane— 
methane, ethane, hexane, and hexadecane. At room tempera¬ 
tures the members, with the exception of those containing a 
tertiary carbon atom, are not acted upon by fuming sulfuric acid, 
concentrated alkalies, nitric acid, or even the powerful oxidizer 
chromic acid. They react slowly with chlorine in sunlight and 
with both chlorine and bromine if a catalyst is present.^ Reac¬ 
tion usuall^^ occurs by the substitution of an element or a chemical 
group for a hydrogen atom. The lower members have been 
identified in most crude petroleums, but Mabery® reports that 
Mahoning County, Ohio, crude oil contains no paraffin hydro¬ 
carbons. The higher members of the paraffin series are probably 
present, in most petroleums, although crude oils that are entirely 
free from wax may contain no high-boiling paraffin hydrocarbons. 
Paraffin wax probably consists of straight- or branched-chain 
paraffin hydrocarbons.^ Egloff, Schaad, and Lowry® have made 
a thorough study of the decomposition of paraffin hj^drocarbons 
(Fig. 4a and /). 

The olefin or ethylene series (type formula CnH 2 n) is composed 
of unsaturated hydrocarbons; i.c., the members of this scries are 
capable of uniting directly with other materials such as chlorine, 
bromine, hydrochloric acid, and sulfuric acid, without displacing 
a hydrogen atom. The names of these hydrocarbons end in -cnc, 
as eihene (ethylc^ic), propcnc (propylene), and butene (butylene). 
Unsaturated compounds react with and dissolve in sulfuric acid 
and may thus be removed from petroleum oils. The low-boiling 
olefins are probably not present in cruder petroleum, but they are 
found in cracked products. Egloff, Schaad, and Lowry® have 
made an excellent study of the literature of the olefin hydrocar¬ 
bons (Fig. 4?;). 

^ Eoloff, Schaad, and IjOwry, The Halogenation of the Paraffin Hydro¬ 
carbons, Chem. Rev., 8 (1) (1931). 

8/nrf. Eng. Chem., 6, 101-107 (1914). 

^ Buckler and Graves, The Petroleum Waxes, Ind. Eng. Chem., 19 , 718 
(1927). 

* The Decomposition of the Paraffin Hydrocarbons, J. Phya. Chem., 84 , 
1617 (1930). 

® The Decomposition and Polymerization of the Olefinic Hydrocarbons, 
J. Phya. Chem., 85 , 1825 (1931). 
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The naphthene series (type formula CnH 2 n) has the same type 
formula as the olefin series but has greatly different properties. 
The naphthenes are ring or cyclic compounds, whereas the olefins 
are straight-chain compounds in which a double bond connects 
two carbon atoms. The naphthenes are saturated compounds 
and the olefins are unsaturated. Unsaturated compounds can 
react by direct combination with other materials, but saturated 
compounds can react only by the displacement of hydrogen by 
another material. In the older chemistry texts the naphthenes 
are called methylenes, c.gr., tetrameth 3 dene, pen tame thyleiie, and 
hexametli.ylen(', whereas the preferred names are now cyclo¬ 
butane, cyclopentane, and cyclohexane. As an example of the 
relation of this series to other cyclic series, consider benzene and 
cyclohexane. Both compounds contain six carbon atoms per 
molecule, hut six h^ydrogen atoms must bo added to benzene to 
produce c.yclohexane. The cyclohexane molecule is saturated, 
but the benz(me molecule is highly unsaturated because it has 
three doubly combined carbon atoms (Fig. 4d). The three 
doubles bonds are active so that benzene is an active material, 
>)ut th() (cyclohexane contains no double bonds and do(?s not 
rea(*t readily. Howc'ver, most of the reactions of benz(cne are by 
substitution ratlier than combination. The naphtheiucs, unlike 
their isomers the olefins, are not easily S(duble in sulfuric acid. 
They have been f(nmd in almost all crude oils, but again Mahon¬ 
ing County crude oil is an exception.® This crude oil contained 
the hydrocarbons of the CnH 2 n -2 and CnH 2 n -.-4 series but no 
paraffins or simple naphthenes. Egloff, Bollman, and Levinson^® 
have studied the reactions of the cyclo hydrocarbons (Fig. 4c). 

The aromatic scries (type formula CnH 2 n- 6 ), often called the 
henzene serieSy is chemicall}^ active. These hydrocarbons are 
particularly susceptible to oxidation with the formation of organic 
acids. The aromatics may form cither addition or substitution 
products, depending upon the conditions of the reaction. Onl^^ a 
few petroleums contain more than a trace of the low-boiling 
aromatics such as benzene and toluene. Mabery^^ found 
relatively large quantities of aromatics in Ventura, Coalinga, and 
Puente Hills, Calif., petroleums. Some of the Sumatra and 

Thermal Reactions of Cycloparaffins and Cycloolefins, J. Phys, Chem.j 
S6, 3489 (1931). 

"Proc. Am, Acad. Arts Sci.y 86, 255 (1901). 
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Borneo crude oils are rich in aromatics. This series is found in 
cracked distillates and is highl}'’ prized for its antiknock qualities 
(Fig. 4d). 

The diolefin series (type formula CnH 2 »- 2 ) is similar to the 
olefin series except that two hydrogen atoms are missing or two 
double bonds are present in each molecule. These double bonds 
cause the series to be extremelj^ active. The diolefins tend to 
polymerize or combine with other unsaturated molecules forming 
high-molecular-weight gumlike solids. The diolefins and the 
gums from them are found in untreated cracked gasoline/" 
but they are probably not present in crude petroleum. They are 
polymerized and removed by sulfuric acid (Fig. 4c). 

The cyclic series such as those having type formulae CnH 2 »-.v, 
CnH 2 n~ 4 , CnH 2 n- 8 , ctc., arc uot wcll kuown. Nevertheless, the 
literature indicates that these series predominate in the higher 
boiling-point oils, such as gas oil and lubricating oils. Most of 
the hydrocarbons in lubricating oil are saturated, but Seyer'® 
reports that about 20 per cent of a lubricating oil is soluble in 
sulfur dioxide. Doubtless the 20 per cent consists largely of 
unsaturated hydrocarbons. 

Isomeric Compounds.—Confusion often arises because different 
compounds may have the same molecular formula. Isomeric 
compounds are those which have the same molecular formula 
but different internal structures. Compounds of the type 
formula CnH 2 n may be either saturated or uiisaiurated. The 
formulae of the saturated compound cyclohexane and the 
unsaturated compound hexene-l maj^ be compared in Fig. 46 
and c. Likewise the formulae of n-hexane, 2-methyl pentane, 
and 2, 2-dimethyl butane, all having the type formula CnH 2 n +2 or 
CeHu, may be compared in Fig. 4a and/. Groups of atoms such 
as the methyl groups in the compounds just referred to are called 
alkyl groups or radicals. These terms refer to a group of carbon 
and hydrogen atoms that may be conveniently considered as a 
unit because they usually act as a unit in a chemical reaction. 
They may be defined as a monovalent hydrocarbon radical having 
the general formula CnH 2 »v+i. Common radicals are the methyl 
(CHs), ethyl (C 2 Hb), and propyl (CsHy) groups. Radicals are 

Bridoeman and Aldrich, Oil Gas J.y Jan. 29, 1931, p. 42. 

Petroleum Equipment Exporter, January, 1930, p. 65. 
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not individual compounds because they must always be attached 
to other radicals, elements, or groups of atoms. 

There are two possible isomeric butanes, viz,, n-butane and 
2 -methyl propane; three pentanes; five hexanes; and nine 
heptanes. The number of possible isomeric hydrocarbons 
increases rapidly as the number of carbon atoms increases. 
Compounds of the type formula CnH 2 n -4 present even more 
possibilities of isomerism than the foregoing. As an example, 
the saturated series might consist of three doubly combined 
rings or combined rings with alkyl side-chains; the unsaturated 
series might consist of numerous compounds having unsaturated 
carbon atoms in the rings, in the side-chains, or in both; and 
other series might exist having combinations of saturated or 
unsaturated rings with saturated, unsaturated, or acetylene 
side-chains. Consideration of the series that arc even more 
deficient in hj^drogen than the C«H 2 n -4 series indicates that an 
enormous number of isomers is possil)le. Fortunately the 
number of unsaturated, high-molecular-weight hydrocarbons 
in petroleum are probably few, or the isolation of these complex 
compounds would prove an endless task. 

Determination of Series. —Although chemists have not yet 
determined procedures and reagents for the isolation of each 
chemical series, a start toward this goal has been made.^^ The 
proposed methods do not indicate the exact series of hydro¬ 
carbons that are present, but they do indicate groups of com¬ 
pounds that behave chemically as the paraffin, olefin, aromatic, or 
naphthene sei*ies. All double-bonded hydrocarbons such as the 
olefins, diolefins, and double-bonded cyclics are classed together 
as one group, called unsaturates. The unsaturated group may ; 
be absorbed or polymerized by sulfuric acid; the aromatics may 
be nitrated or absorbed by fuming sulfuric acid or dissolved by 
dimethyl sulfate; the naphthenes may be determined by means 
of the aniline index; and the paraffins are found by difference. 
Such an analysis is perhaos just as valuable to the engineer as an 
exact one, because he is concerned with the retention or elimina¬ 
tion of certain properties in the finished products rather than with 
a detailed knowledge of exactly what compounds are present. 
By means of the foregoing analysis of chemical properties and the 
physical constants of each series, a reliable estimate or check of 

^♦Eoloff and Morrbll, Ind. Eng. Chem., 18 , 354 (1926). 
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the physical constants for any petroleum oil is possible. Such 
an analysis, to be of most value, should be made on each of, say, 
10 fractions of a crude oil, so that the change in the percentage of 
each series can be followed throughout the entire boiling-range 
of the oil. One of the firet studies of this kind was made by 
Robinson,^® and the results of his study have been presented in 
graphical form in ‘‘Motor Fuels,” by E. H. Leslie.^® 

Composition of Petroleum. —In the past, petroleum has often 
been considered as a solution of the paraffin hydrocarbons, but a 
survey of the literature indicates that such an assumption is 
not justified. The paraffins predominate in most gasolines 
and probably in kerosenes from paraffin- and mixed-base petro- 
^ leum; the naphthenes predominate in most gas oils and lubri¬ 
cating oils from all bases of crude oils’; and the naphthenes, 
aromatics, and unsaturated hydrocarbons constitute the bulk of 
the highest boiling or residual products. The only paniffins pres¬ 
ent in the higher boiling products appear to be those occurring in 
the wax, and the amount of wax in even paraffin-base petroleum 
is relatively small. Sachancn and Wirabian^^ present analJ^ses of 
several Russian and American oils (Table 1). 


Table 1.—Chemical Analyses of I'btroleum, Per Cent 


Frao- 
tiou, I 

1. Grozny (“high 
paraffin’’), 45.3 per 
cent at 572°F. 

2. Grozny (“paraffin- 
free upixir levd") 40.9 
per cent at 572“F. 

3. Oklahoma (Davcn- 
jwrt), 64 per cent at 
572^. 

4. California (Hunt¬ 
ington Beach), 34.2 
per cent at 572*’F. 

deg. F. 

Aro- 

Naph- 

Paraf- 

Aro- 

Naph- 

Paraf- 

Aro- 

Naph- 

Paraf- 

Aro- 

Naph- 

Paraf- 


matic 

thene 

fin 

matic 

thene 

fin 

matic 

thene 

fin 

matic 

thene 

fin 

140-203 

3 

25 

72 

4 

31 

65 

5 

21 

73 

4 

31 

65 

203-2.^2 

5 

30 

65 

8 

40 

52 

7 

28 

65 

6 

48 

46 

252-302 

9 

35 

56 

13 

52 

35 

12 

33 

55 

11 

64 

25 

302-392 

14 

29 

57 

21 

55 

24 

16 

29 

55 

17 

61 

22 

392-482 

18 

23 

59 

26 

63 

11 

17 

1 31 

52 

25 

45 

30 

482-572 

17 

22 

61 

35 

57 

8 

17 

32 

51 

29 

40 

31 


Table 2 shows a similar study of the composition of gasoline. 
Table 3 indicates in a general way the series of hydrocarbons 
that have been found in the Pennsylvania, Mid-Continent, and 

Chem. Met. Eng., 11 , 389-394 (1913). 

“ Chemical Catalog Company, Inc., New York, 1923. 

Petroleum Z., 26 , 867 (1929). 
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Table 2.—Chemical Analyses or Gasoline* 


Gasoline 

Un¬ 

satu¬ 

rated 

Aro¬ 

matic 

Naph¬ 

thenic 

Paraf¬ 

finic 

1. Cracked from Kentucky fuel oil. 

14.4 

22.5 

10.0 

53.1 

2. Cracked from Smackover fuel oil... 

14.7 

27.5 

21.2 

36.6 

3. Cracked from North Tt^xas fuel oil. . 

16.0 

18.6 

11.7 

53.7 

4. Cracked from Lost Solditrr, Wyo. 

11.7 

15.0 

15.4 

57.9 

f). Cracked from Cushing, Okla. 

10.9 

19.8 

18.0 

51.3 

6. Cracktid from Somerset, Ky. 

12.5 

14.9 

11.8 

60,8 

7. Straight-run from Cushing, Okla. . . 

1.6 

4.9 

23.7 

69.8 

8. Straight-run from Somerset, Ky. 

3.8 

5.3 

20.6 

70.3 

9. Commercial. 

4.5 

12.1 

17.6 

65.8 

10. Houdry from M.C. and Gulf Coast 





gas oil, 437°F. cut. 

8.0 

24.0 

21.0 

47.0 

11. Iloudry from Coastal crude, 437°F. 





cut. 

24.0 

18.0 

24.0 

34.0 


^ Egloff (ex(!f!pt 10 and 11, from Catalytic Development Company). 


Table 3.- 11 ydhocaiibon' Sekies Found in Petkoleum 


No. of carbon 
atoms 

Pen iisy Urania 

Mid-Continent 

California and 
Gulf Coast 

5 

CJhnri 

CnH2n+2 

Cnll 2 n and Cnll'in + Z 

10 

CwTlaw-f 2 

CuH 2 » 4-2 and Cnlbn 

C«H 2 m and CnH 2 M-s 

15 

CmII 2»t + 2 

CnH2»-2 

CnH2M-2 

20 

C„ll2» 

ChTI2.-4 

CnH2M-4 

25 

C,dl 2 u and C,Jl 2«_2 

c„n.„_, 

CnH2M-4 

30 

C;jll 2 f* and ChILw—4 

Cnll 2m— « 

C»H2n-8 

35 

ChU 2 h— 4 and 

C« 1 I 2 h..„,s and 

CnH2»—12 


c,jr2.-s 

CmH2m-12 


40 

CuH 2«^4 and 

C„II j,* -8 and 

C„H 2 n-i 2 and 


Cnn2u-H 

CuILu-n 

CnH2n-18 

50 

C„ll2u-8 

C„Il 2 «_s and 

CftH2n-16 



CnlLn-n 


80 

CnH2,»_8 

CnH2fi_16 

CnH2n-20 


California oils. The CnH 2 n_ 8 , C„H 2 n-i 2 , CnHon-ie, and C„H 2 n- 2 o 
series were taken from Mabery^s study of lubricant and asphaltic 
hydrocarbons.^® 

The ultimate composition'® of a few petroleums is listed in 
Table 4. 

«/nrf. Eng. Chem., 16, 1233 (1923). ^ 

Int. Crit. Tables, H, 136-162 (1927). 
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Table 4.—Ultimate Chemical Analyses of Petroleum 


Petroleum 

Sp. 

gr. 

At 

®C. 

Per j 
cent 
C 

Per 

cent 

H 

Per 

cent 

N 

Per 

cent 

0 

Per 

cent 

S 

Base 


0.862 

15 

85.5 

14.2 






0.897 

0 

83.6 

12.9 


3.6 



Iliiniholf., Kaiin. 

0.912 

85.6 

12.4 



0.37 

Mixed 

Mixed 

Healdton, Okla. 


85.0 

12.9 


... 

0.76 

Coalinga, r.ilif. 

Beaumont, Tex. 

O-O.^! 

0.91 

' in 

! 

86.4 

85.7 

11.7 

11.0 

1.14 
2, 

61 

0.60 

0.70 

Naphthene 

Naphthene 

Naphthene 

Mexico.. 

0.97 

1 15 

[8:1.0 

[11.0 

1. 

7 

4.30 

Baku, U.S.S.R. 

0.897 

[86.5 

12.0 


1.5 

Colon.bia, South America. 

0.948 

20 

85.62 

11.91 

0.54 





Vapor-pressure. —One of the most useful p}iysi(%‘il properties 
is the vapor-pressure-temperature-relation. The vapor-pressure 
of a liquid is a measure of the tendency of the liquid to vaporize. 
Thus the vapor-pressure is involved in problems of condensation, 
vaporization, fractionation, and the correxdion of boiling-points 
from one pressure to another. Figure 5 is a (*hart of the vapor- 
pressures of the normal paraffin hydrocarbons (horizontal lines) 
and of a few other (compounds (sloping lines). The data for the 
paraffin hydrocarbons and the convcni(jnt form of chart were 
developed by Dr. G. G. Brown^*^ of the University of Michigan. 
The acetylene and olefin curves were taken from llechenberg^s 
“ Einfache und fract ioni(‘rte Destination,^' and the curves for the 
other hydrocarbons from the International Critical Tables. The 
curves for all of tlie comjiounds except the; pai'affins and acety¬ 
lenes slope downward to the right, and the few data that are avail¬ 
able concerning petroleum fractions indicate the same tendency. 

Example 1. Use of Vapor-presstire Chart.—What is the vapor-pressure 
of n-butane at 77°F. (25°C.)? 

Twenty-five degrees centigrade is located among the vertical lines. The 
vapor-pressure of itane is found as a horizontal line. Thcise two lines 
intersect on the 1,800-mm. pressure-line. The vapor-pressure is 1,800 inrn. 

What is the boiling-point of butane at atmospheric pressure? 

Follow the butane line until it crosses the 760-mm. line. Reading directly 
below this point, the temperature is 0°C. 

Compression Factor. —When gases or vapors are compressed 
or expanded under adiabatic conditions, the amount of work done 


*0 Ptoc, 7th Ann. Convention Nat. Oaeo. Assoc. America^ 1928. 
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Table 5.—Compression Factors 


Gas 

Temperature, 
de(?. F. 

7 = c„/c. 

Pressure, 

atm. 

Methane. 

-175 

1.41 

1 

Methane. 

-112 

1.34 

1 

Methane. 

-101 

1.35 

1 

Methane. 

32 

1.307 

1 

Methane. 

212 

1 1.232 

1 

Methanes. 

* 392 

1.188 

1 

Methane. 

572 

1.16 

1 

Methane. 

752 

1.139 

1 

Ethane. 

-115 

1.28 

1 

Ethane. 

59 

1.22 

1 

Ethane. 

122 

1.21 

1 

Ethane. 

212 

1.19 

1 

Ethenc (ethylene). 

132 

1.35 

1 

Ethene. 

212 

1.18 

1 

Ethine (at'/CtyleiK'). 

- 96 

1.31 

1 

Propane. 

61 I 

1.13 

0.5 

Isobutano. 

59 

1.11 

1 

Pentane. 

187 

1.08 

1 

Hexene. 

176 

1.08 

1 

Hexane. 

176 

1.08 

1 

Benzene.. 

194 

1.1 

1 




and tlu* amount of h(‘at nHiuircd ar(‘ d(‘,pendont upon the ratio of 
the spcK'ific h(‘at at constant pressure to tlui specific heat; at con¬ 
stant volume. Tlie expansion of a gas can always be expressed 
by an equation of the form 

P\V\ = PzF; = a constant 

At adiabatic conditions the exponent n is referred to as gamma 
( 7 ) and is equal to the ratio of the specific heats as mentioned 
above. Table 5 is a list of the values of gamma for some of the 
more common gaseous hydrocarbons. The value of gamma 
decreases at higher temperatures and also for high-molecular- 
weight materials. ] ^r h yxirocarbo ns such as those in kerosen e 
andJicavier^)ils, the valueof 'ggniTha approaches unity, and hence 
Q Ubla^malTi^ripeTatipn j^ctJsn^^ vapors are 

e xDaiid h^adiS 3 SIcal^ ^^CcTEdmisto^^ pre^nts^ ^art by 


Specific Heat Ratios for Hydrocarbons, Ind. Eng, Chem,, 32, 373 (1940). 
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which the value of gamma may be computed over wide ranges of 
temperature and pressure. 

Detonation Characteristics. —The methods of determining 
the octane number or detonation characteristics of a motor fuel 
have been changed so frequently that octane numbers of the 



^ Number of Carbon Atoms in Molecule 

Fio. G.— Detonation characteristics of the paraffin hydrocarbons. {General 
Motors Corjjoration,) 


various hydrocarbons by the newest methods are not available. 
However, the relation between the devtonation characteristics 
and the internal structure of many petroleum hydrocarbons has 
been given careful study. Lovell, Campbell, and Boyd-^ of the 
General Motors Corporation have presented several valuable 

« Paraffins, Ind. Eng. Chem., 23, 26 (1931); Olefins, 23, 565 (1931); Naph¬ 
thenes, 26, 1107 (1933). 
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papers concerning antiknock characteristics. Figure 6 sum¬ 
marizes their findings for the paraffin hydrocarbons. The relative 
knocking tendency is compared by means of the aniline equiva¬ 
lent. Positive aniline oriuivalents indicate compounds that 
knock less than the reference fuel (zero aniline equivalent), and 
negative equivalents indicate materials that knock more than tin? 



Octane No. 
by motor 
method* 


Octane No. 
by motor 
method* 

Paraffin hydrocarbons: 


2,4,4-Trimethyl pentene-2.. 

89 (133) 

Butane. 

91 

3,4,4-Trimethyl peutene-2.. 

85.6 (72.5) 


1 99 


74.8 (69.8) 


64 


83.5 (72 2) 


90 (81) 


84 

2,2>Diiuethyl propane. 

83 

2,6,6-Trimethyl heptene-2. . 

73.6 (70.0) 


69 


75 


73 


87 

3-Methyl pentane. 

74.5 

Naphthene hyclrocarbon.s: 



95 


— (68) 


95 


— (116) 


0 


82 


04 


87(81) 

2,2-Diinethyl pentane. 

93 

Methyl cvclohexane. 

71 (81) 

2,3-Diinethyl pentanr*. 

85 

1,2-Dimethyl cyclohexane. . . 

— (62) 

2.4-Diniethyl pentane. 

90 

1,4-Dimethyl cyclohexane... 

— (67.5) 


83.5 


— (57.5) 

2,2,3-Trimethyl butane. 

101 

1-Methyl, 2 Ethyl cyclohex- 

Oft.an R . 

-28 

ane. 

— (55) 

3-Methvl heptane. 

34.5 

l-Methyl, 2 l^ropyl cyclo¬ 

2,3-r)iinethvl hexane. 

75.5 

hexane . 

— (71) 

2,6-Dimethyl hexane. 

52 

1-Methyl, 2 Butyl cyclo¬ 

3,4-Dimetliv'l hexane. 

84.5 

hexane. 

— (87) 

2,2,3-Trimethyl pentane. . . . 

100.2 

Arotnatic hydrocarboius: 

2,2,4-Tnmethyl pentane. . . . 

100 

Benzene. 

97 (87) 

2,2,3,3-Tetramethyl butane. 

103 

Toluene. 

100+ (90) 

3-Methyl,3-Ethyl pentane.. 

90.5 

o-Xylene.i. 

100+ (97) 

Nonane. 

-28 

m-Xylene. 

100+ (104) 

2-Methvl oct.ane. 

98 (70.3) 

ji-Xvlene. 

100+ (104) 

3-Methvl octane. 

94 (65.7) 

Ethvl benzene. 

96 (97) 

2-Methyl nonane. 

93 

1,3,5-Trimethyl benzene. . .. 

— (109) 

2,2,6-TrimetJiyl heptane.. . . 

94.8(69.0) 

Isopropyl benzene. 

— (87) 

Olefin hydrocarbons: 


l,3-.Diethyl benzene. 

— (120) 

Butene-1. 

80 

Butyl benzene. 

— (82) 

Butene-2. 

83 

Sec. Butvl benzene. 

— (78) 

2-Methvl propene. 

87 

Tert. Butyl benzene. 

— (88) 

2-Methyl hexene-1. 

75 

Other hydrocarbons: 

2-Methvl hexene-2. 

84 

Buta diene-1,3. 

—(83.5) 

2,4,4-Trimethyl pentene-1.. 

86 

Cyclohexene. 

— (97) 


* More complete listings for octane numbers by the research method are given in the sanu 
reference. 
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reference fuel. For the parafiStn hydrocarbons the tendency to 
knock is decreased by 

1. Shortening the main chain. 

2. Introducing side-chain groups such as methyl groups. 

i. Centralizing the molecule by adding methyl groups about the center of 
the main chain. 

The tendency of the olefin hydrocarbons to knock is decreased l>y 

1. The same three factors as for the paraffin hydrocarl)ons. 

2. Moving the double bond toward the center of the chain. 

The tendency of the naphthenes to knock is decreased by 

1. Decreasing the size of the ring. 

2. Decreasing the length of the longest unbranched side-chain. 

3. Distributing the carbon atoms in the side-chains into many short chains 
rather than one long chain. 

4. Centralization of the side-(!hains. 

These general relationships are apparent in the tabulation of 
octane numbers shown in the table on page 32, tak(^n from the 
excellent ^^^hysical Constants of the Principal Hydrocarbons’^ 
compiled by the Technical and Research Division of the Texas 
Company, 1939. The equivalent octane number when used in 
blends is shown in parenthesis. 
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CHAPTER V 


ROUTINE LABORATORY TESTS 

A discussion of the large number of routine tests that are 
practiced today could easily fill an entire book. These tests 
were developed to provide simple methods of comparing products 
during their manufacture and as they app('ar on the business 
market. Although many companies have developed their own 
test methods, certain tests have been accej)t(‘d as standards. 
In this chapter emphasis will be placed on th(‘ engineering impor¬ 
tance of these tests rather than upon the details of lal)orator\' 
procedure. Those who are interested in laboratory manipula¬ 
tions may refer to the reference's at the end of the chapter and 
particularly to Petroleum Products and Lubricants/ a report by 
Committee D-2 of the American Society for Testing Materials 
(A.S.T.M.). 

Routine or control tests are not satisfactory unless they can be 
(1) performed quickly, (2) easilj'' duplic^ated by ordinary labora¬ 
tory men, and (3) interpreted as a function of the performance of 
the material wdiile in use. For these n^asons routine tests may 
not be scientifically exact, but they are more valuable for general 
use than more elaborate tests would l)e. The procedures for 
such tests must be carefully specified and rigidl}^ adhered to, or 
the results will not be d(‘pendable. Because of the empirical 
nature of most routine tests, the results becoiiK' intelligible only 
by comparison with a large number of similar t(\sts and by a care¬ 
ful correlation with the performance of the product. 

As an example, the A.S.T.M. distillation must be conducted 
in a flask having specified dimensions; the rate of heat input must 
be regulated so that the first drop of distillate is collected at a 
particular time and the rate of distillation thereafter is uniform; 
a special thermometer must be used; and the condenser must be 
held at a specified temperature. Even slight variations in the 
procedure, such as excessive drafts of air or an erratic rate of 

1 Report of Committee D-2, A.S.T.M., Philadelphia, yearly. 
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distillation, will cause erroneous results. If the procedure of the 
test is carefully followed, the resulting distillation curve can be 
duplicated by other laboratories and will be a useful indication of 
the properties of the sample. However, in spite of the reliability 
of the test and its great value to the industry, it is not a true 
measure of the composition of the sample. The sample will con¬ 
tain material that boils below the initial boiling-point (I.B.P.), as 
recorded in the A.S.T.M. distillation, and will contain material 
that boils at a higher temperature than the end-point (E.P.) of 
the A.S.T.M. distillation. 

Many articles hav(^ been published in which the A.S.T.M. dis¬ 
tillation has been correlated with the performance of a motor fuel 
in an engine. The temperature at which various percentages of a 
motor fuel will distill has been found to bear a relation to the 
ease of starting, acceleration, losses of fuel, and vapor-lock 
tendencies of the fuel. 

All of tlu^ design dat a that an engineer needs cannot be obtained 
from routine tests, and to obtain complete design data he must 
resort to special methods such as those outlined in Chaps. VI and 
YII. Nevertheless, routine tests are the common basis of under¬ 
standing between the refiner and the business world. The 
engineer, although he may not use routine tests in design, must 
produ(*e products that arc ultimately compared with other com¬ 
mercial products by routine tests. 

Refinery Control. —Routine tests are universally used as the 
basis for controlling refinery operations. During the first few 
months of the operation of a new equipmen t many of the products 
arc tested at 2-hr. inti'rvals. Soon certain of these tests begin to 
{issume importance as criterions of the operation, and by these 
tests the unit; is controlled throughout its useful life. Products 
are periodically testx'd throughout the whole refinery. Not only 
are the raw materials and finished products examined but also 
the materials that are in the process of being finished. The 
finished products are often examined a second time after they 
have l>een loaded into cars and containers for the market. In 
filling such an extensive need, it is clear that routine tests must 
be simple and dependable. 

A.P.I. and Specific Gravity. —^The specific gravity and the 
A.P.I. (American Petroleum Institute) gravity are expressions of 
the density or the weight of a unit of material. The specific 
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gravity is the ratio of the weight of a unit volume of oil to the 
weight of the same volume of water at a standard temperature. 
The specific gravity of an oil is always given at 60°F. referred to 
water at 60°F. Unless otherwise stated, both the specific 
Iravity and A.P.I. gravity refer to these constants at 60°F. In 
plant practice the A.P.I. gravity is usually used. This scale is not 
directly related to the specific gravity. If the modulus of the 
A.P.I. is used, the relation between the specific gravity and the 
A.P.I. gravity Is (also see tabulation in Appendix): 

Deg. A.P.I. = - 131.5 (1) 

sp. gr. ^ ^ 

or 

Qr. cr - 141.5 

Sp. gr. ^ p j ^ g 

The Baum6 scale of gravity, which was previously used in 
the industrj^, is slightly different from the A.P.I. gravity. The 
constants in the foregoing equation ai'c 140 and 130 rather than 
141.5 and 131.5, 

The specific gravity^ (D287-39) or A.P.I. gravity is measured 
m the lal)()ratory by means of hydrom eters or the chfonomidii ^ 
specific-gravity balance. The latter is desiral)le if a large num¬ 
ber of exact determinations must be made or if very small samples 
(15 cc.) must be used. For viscous oils or semi-solid bitumens the 
pycnomete r^ (D70-27) or weighing bottle is used, and for solid 
materials an analytical balance^ (D71-27), equipped with a pan 
straddle, may be employed. 

In the past Appalachian petroleums were the only widely 
known oils, and the specific gravity was an important specification 
because it was directly related to other properties of tlie oil. 
i'oday, with the development of a large variety of crude oils, 
the specific gravity is much less important. However, the 
specific gravity does indicate the approximate boiling-range of an 
oil and to some extent the base of oil from W'hich the product 
was produced. There is a relation between the gravity of a raw 
oil and the base of the oil, but the gravity is influenced by 
chemical treatment and by the boiling-range of the material. 

^ A.S.T.M. Distillation. —In determining the boiling-range of 
gasoline and kerosene, the procedure and apparatus, as described 
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in the Report of Committee D-2^ (D86-38 and D216-39), is 
used. The name A.S.T.M. distillation is used because the 
method was first standardized by the American Society for 
Testing Materials. A somewhat similar test known as the 
‘^Engler distillation’^ has been used in the past, and often the 
A.S.T.M. distillation is referred to as “an Engler.” 

One hundred cubic centimeters of oil is distilled at a uniform 
rate of 5 cc. per minute. The distillate is condensed in a brass 
tube surrounded by cracked ice. The temperature of the vapor 
when the first drop of condensate drips from the condenser 
(in not less than 5 or more than 10 min.) is recorde^d as the 
“initial boiling-point.” The vapor temperature is also recorded 
as each successive 10 per cent is collected. When 95 per cent 
has been distilled, the burner flame may m^ed to be increased, and' 
the maximum temperature is recorded as the “end-point.” 

Virtually no fractionation occurs in this distillation, and the 
hydrocarbons in the oil do not distill one by one in the order of 
their boiling-points but as successively higher and higher boiling 
mixtures. The details of this inadequacy will be discussed und('r 
vaporization in Chap. XIV. Actually, the initial boiling-point, 
the end-point, and the intermediate vapor-temperatures have 
little significance except when compared with corresponding 
points from other A.S.T.M. distillations. Material boiling 
below the initial boiling-point and above the end-point are 
present in the oil, although these points are the extreme ends of 
the A.S.T.M. distillation range. In routine plant reports the 
loss is plotted at the end of the distillation curve, but for more 
scientific work it is usually plotted at the beginning of the curve. 
A comparison between the A.S.T.M. distillation and a true- 
boiling-point (T.B.P.) distillation is given in Figs. 68, 69 and 
81 (pages 225 and 253). 

Flash- and Fire-points. —The flash-point 'and the fire-point 
arc further indications of the range and nature of the boiling- 
point curve. They designate respectively the temperature at 
which the vapor above an oil will momentarily flash or explode 
when in the presence of a flame and the temperature at which the 
vapors are evolved rapidly enough to burn continuously. These 
tests serve to indicate, the temperature below which an oil can be 
handled without danger of fire* Certain high-boiling oils, such as 
lubricantsi, cannot be distilled at atmospheric pressure without 
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thermal decomposition, and in such a case the flash-point helps 
to indicate the relative amount of low-boiling oil present in the 
material. 

The common flash-point instruments are the open cup^ (D92- 
33) and Pensky-Martens^ (D93-36) closed tester for heav}^ oils 
and the 7'ag^ (D56-3()) closed tester for light oils. The oil is 
heated at the rate of 10°F. per minute in the heavy oil testers and 
at 1.8°F. in the Tag tester. A test flame is introduced into the 
vapor at 30-sec. intervals. The flash-point by the Martens 
tester is about 10° lower than by the open tester; but if the 
flash-point is above 510°F. (Martens), a larger difference exists 
between flash-points by the two instruments. The closed 
instrument is the more exact of the two, but the open cup is used 
(extensively because of its simplicity. The flash- and fire-points 
are important specifications of kerosene, fuel oil, and lubricating 
oil. 

Color.—The color of an oil serves as an indication of the 
tlioroiighness of the refining process. True, oils of different 
boiling-range and from different crude oils may have different 
colors; ])ut other things being comparable, the color indicates th(5 
degree of n^fining tliat the material has undergone. Distilled 
, jn’oducts that are discolored are an indication of (1) thermal 
dcK'oniposition, (2) the entrainment of dark-colored tarry mate¬ 
rial, or (3) materials that are inherently dark in color. Discolora¬ 
tion by decomposition is due to the use of too high temperatures, 
and discohjration by entrainment is usually due to ‘through¬ 
puts above the maximum capacity of the equipment. The 
success of a cbemical treating operation is often measured by 
tlie improvement in cokn. 

The Sayholt chromometer^ (D156-38) is used to determine the 
color of gasoline and burning-oils, and the Union colorimeter^ 
(D155-39'l’') for lubricating oils. Both of these instruments 
have empirical color scales which bear no direct relation to the 
Lovibond color analysis. For lubricating oil colors the Tag 
Robinson color instrument is also finding favor. The Saybolt 
chromometer color scale ranges from 30 for fine gasoline to 15 
for mineral-seal burning-oil. Normally, one or two color di^s 
are used, but a so-called “half-disk” is available for colors 
from +25 to +30. If the heights and 

colors are 
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Height, In. 

Color 

20 

30 

18 

29 

16 

28 

14 

27 

12 

26 


The A.S.T.M. color numbers are used almost universally in 
stating the color of lubricating oils. Table 6 presents a compari¬ 
son of the A.S.T.M. numbers, the Lovibond colors (No. 500 
series), and the National Petroleum Association or Union 
colorimeter letters. 


Table —Comparison of Color Scales 


N.P.A. iianios 

A.S.T.M. 

numbers 

Union 

Petroleum 

Company 

letters 

Lovi¬ 

bond 

color 

Cell 

length, 

in. 

1, Lily white. 

1 

G 

11 

6 

2. Cream white. 

m 

H 

20 

6 

3. Extra pale. 

2 

I 

98 

6 

4. Extra lemon pale. 

234 

J 

193 

6 

6. Lemon pale. 

3 

K 

290 

6 

6. Extra orange pale. 

334 

L 

380 

6 

7. Orange pale. 

4 

M 

525 

6 

8. Pale.. 

414 

N 

65 

Vi 

9. Light Kxl. 

5 

0 

80 

H 

10. Djirk red. 

G 

P 

110 

34 

11. Claret red . 

7 

Q 

165 

f'2 

12. 

8 

R 

205 

H 

13. ( Vlinder oil, extra light (filtered) 

A 

A 

35 

H 

14. (Vlinder oil, light (filtered)... . 

D 

D 

70 

h 

15. Cylinder oil, inc'dium (filtered). 

E 

i E ■ 

i 

170 

34 


Viscosity.-- The viscosity of aii oil is a measure of its resistance 
to int('rnal flo.w and is an indication of its oiliness in the lubrica¬ 
tion of surfaces. In the centimeter-gram-second (c.g.s.) system 
the unit of viscosity is the poise or centipoise (0.01 poise). 
Viscosity may be definc'd Jis the force in dynes required to move a 
pl|ine of 1 sq. cm. area, at a distance of 1 cm. from another plane 
of 1 aq. cm. area, through a distance of 1 cm. in 1 sec. 

The relative viscosity is the ratio of the viscosity of t he liquid to 
that of water at 69.33°F. The viscosity of water at 69.33°F. is 

















ROUTINE LABORATORY TESTS 


43 


1 centipoise, and hence the relative viscosity and the viscosity in 
centipoises are numerically equal. Two other common terms are 
^inematic viscosity^ which is the viscosity in centipoises divided 
|)y the specific gravity at the same temperature, aiid fluidity^ 
which is the reciprocal of viscosity. The units of kinematic 
viscosity are stokes and centistokes. 

The common viscosimeters do not read directly in centipoises. 
All employ arbitrary scales of viscosity. The SayhoU Universal 
viscosity^ (D88-38) is the time, measured in seconds, recpiired for 
the efflux of 60 cc. of oil from a containe^;^ tube at a constant 
t(>mp(n\‘iture through a calibrated orifice in the bottom of the 
tul)e. In the United States the usual temperatures for the 
iiK^asurement of viscosity are 70, 100, 122, 130, and 210°F. 
The procedure in determining the viscosity involves sti aining the 
oil to remove paTtiedes tliat might lodge in the orific(', bringing 
tlu^ oil to a constant temp(‘rature by iiu'ans of a constant-tem¬ 
perature bath, and accurately measuring the time for (‘fflux. 
The Saybolt Furol viscosity'^ (1)88-38) is determined exactly as is 
the Universal viscosity except that a larger orifice is used. Both 
of these viscosities are determined with the same instrument, the 
Universal viscosimeter.^ The viscosity of lubricants is usually 
reported as Saybolt Universal seconds at 100, 130, or 210°r., and 
of fuel oils as Saybolt Furol seconds at 122 or 210°F. 

Kinematic viscosity may be determined directly by means of 
Ubbelohde, FitzSimmons modification or modified Ostwald 
viscosimeter pipettes^ (D115-39T). A series of these pipettes 
which cover the entire useful range of viscosity may be suspended 
in a single constant-temperature bath. Great accuracy is possi¬ 
ble with these instruments, and a somewhat smaller sample is 
satisfactory, but each instrument must be calibrated. 

If t is the Saybolt Universal viscosity and z and s respectively 
are the viscosity in centipoises and the specific gravity, all three 
factors taken at the same temperature, the relation among these 
variables, according to the Bureau of Standards, is 

z 149 7 

Kinematic viscosity = - = 0.219^-(2) 

s t 

The A.S.T.M. recommends a series of conversion factors' 
(D446-39) by which centistokes can be converted into Saybolt 
Universal viscosity. 
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The viscosity of gasoline and kerosene cannot be determined 
in the Saybolt viscosimeter because the large orifices result in 
turbulent rather than streamline flow. The viscosity of such 
liquids is determined in the Saybolt Thermoviscosimeter ,The 

I'-Time'. En^ler, Redwood. Redwood Admiralty, Saybolt Universal, Fuirol, Barbey 

600800IJD00 2/)00 3.0004.0006.000 10,000 20.00030.000 50.000 80.000 



Fig. 7.—Comparison of viscosity by diflfereiit instruments. {T'he Texas Com¬ 
pany.) 

thermo viscosity of kerosene is sometimes specified because 
kerosene must be readily absorbed in a lamp wick. Figure 7* 
may be used to convert the viscosity by any one of the viscosim¬ 
eters to the viscosity by any of the other common instruments. 

•Bbnnbtt, H. T., Petroleum Age^ Dec. 15, 1921. 

* Lubrication^ May, 1921, published by the Texas Company. 
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Although Fig. 7 is useful for approximating the viscosity for 
design work or estimates, it should not be used for exact specifica¬ 
tions. If the viscosity of a shipment of oil is specified in partic¬ 
ular units, the viscosity should be determined in these units by 
using the proper instniment. 

Example 2. Use of Viscosity Conversion Chart (Fig. 7).—The Saybolt 

viscosity is 1,000 sec. at 210°F. What is the Fiirol viscosity at 210®F.? 

Trace the 1,000 time line to the intersection with the Saybolt Universal 
line. Follow tlie horizontal line (kinetic viscosity of approximately 215.0) 
to th(i Saybolt Fiirol line. Read down from the intersection. The Saybolt 
Furol time at 210°F. is approximately 103 sec. 

The KriKler time corresponding to the foregoing is 1,500 sec. The Engler 
degrees (or number) corresponding to the foregoing is 30. 

The lower and left scales are used for Saybolt Universal viscosities up to 
8,000. For higher viscosities the upper and right scales are used. 

Cloud- and Pour-points.—The cloud- and pour-points arc 
useful in estimating the'relative amount of wax in an oil. How¬ 
ever, all oils will solidify if cooled to a low enough temperature, 
and hence these tests do not indicate the actual amount of wax or 
solid mat(‘rial in the oil. The}" do indicate that most of the wax, 
melting above the pour-point, has been removed. 

In the cloxid test^ (D97-39) the oil is cooled, from at least 25°F. 
above the cloud-point, in a specified test jar. The cooling bath is 
held between 15 and 30°F. below the cloud-point of the oil. At 
intervals the test jar is removed from the brine bath without 
disturbance to the oil, and the temperature at which a distinct 
cloudiness or haziness appears in the bottom of the jar is recorded 
as the cloud-point. The pour test^ (D97-39) is conducted in 
much tlie same manner. However, the oil is first heated to 
115°F., to l)e sure that all wax has dissolved, and cooled to 90°F. 
before the test. As in the cloud test the bath is held 15 to 30°F. 
belov" the estimated pour-point. At intervals of 5° the test jar is 
removed from the bath and tilted to ascertain if the oil will flow 
or move. If it shows no movement when the jar is held horizontal 
for 5 sec., it is said to be solid. The pour-point is taken as the 
temperature 5®F. above the solid-point. 

The term cold test is used loosely and may refer to either the 
cloud or the pour test. Much confusion can be avoided if the 
proper term cloud test or pour test is used. Years ago the indus¬ 
try had a specified cold test which indicated the capacity of the 
oil to flow aft(‘r vigorous stirring at a low temperature. This 
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test proved to be inadequate and should not be confused with the 
cloud or pour tests of today. 

These tests are for the purpose of ascertaining if an oil will 
function properly as a lubricant at low temperatures. Since 1929 
effective methods for the removal of wax have been developed, 
and the average specified pour-point for lubricating oils has been 
lowered from 30 to a})out 0°F. 

Knock Characteristics. —The confusion that has long charac¬ 
terized the methods of testing the knock characteristics of motor 
fuels does not appear to have abated.*^ Normal heptane and 
2y2y^-trimeihyl pentane (so-called isooctane) have been adopted 
as measuring sticks of knock intensity, and a standard engine 
known as the C.F.R. (Cooperative Fuel Research) engine has 
been adopted. The unit of knock intensity known as octane 
number is defined as the percentage by volume of isooctane that 
must be mixed with normal heptane in orrder to match the knock 
intensity of the fuel that is undergoing test. Since these Ji.ydro- 
carbons are expensive, reference gasolines that have been stand¬ 
ardized against octane-heptane mixtures are used in commercial 
work. 

Several sets of operating conditions have been employed such 
as those known as the research method, the motor method^ 
(A.S.T.M. D357-39), theL-3 method, and finally a 1939 research 
method.'^ In the face of such changes in method, details of the 
procedure at any one time are of little value. In general, how¬ 
ever, the research methods utilize an engine speed of GOO r.p.m., 
and the other methods, a speed of 900 r.p.m.; the jacket tempera¬ 
ture is 212°F.: and the main controversy concerns the mixture 
temperature and spark advance. 

Sulfur Tests. —The sulfur^ (D90-34T) content of gasoline and 
burning-oils is an important specification. Sulfur causes many 
corrosion difficulties. Twenty cubic centimeters of oil is burned 
in a small lamp, and the products of combustion are drawn 

* The author has always contended that tests should bear some close con¬ 
nection with road performance, but in this instance the wide variety of fuels, 
cars, and conditions under which they must operate may make it impossible 
to develop a laboratory test that is satisfactory in this respect. Certainly 
the vacillation from test method to test method under what may be the 
concerted action of groups selfishly advising changing of the test to favor 
cracked gasolines, leaded gasolines, or catalytic gasolines, etc., is not con¬ 
ducive to sound development. 
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through a sodium carbonate absorption solution^ The sulfur is 
determined by titrating the unused sodium carbonate solution. 
Sulfur in residual fuel oil and crude oil is determined by the 
ordinary oxygen-bomb method^ (D129-39). 

' The presence of corrosive materials such as free-sulfur and 
corrosive sulfur compounds is always objectionable. The test^ 
(D130-30) consists in noting the effect of the heated oil on a strip 
of polished copper. More than a slight discoloration of the 
copper after heating for 3 hr. indicates that the oil is corrosive. 

Tests for Bituminous and Semi-solid Materials. —The most 
common tests for asphaltic substances are the ductility, penetra¬ 
tion, softening-point^ (D36-26), and specific-gravity tests. The 
, ductility^ (D113-39) of an asphalt is a measure of its capacity 
to (ilongate or stretch and is an indication of the ability of the 
material to flow and thereby mend a rupture in the surface of the 
material. A briquette of the asphalt is pulled apart at a uniform 
rate, and the (elongation, measured in centimeters, that occurs 
l)efore ruptun^ takes plaice is called the ductility. The test is 
usually conducted at 77°F., and the bricpiette is pullcHl apart at a 
unifoi’in rate of 5 cm, per minute. Penetration tests are made 
wit h a p(‘netrometer which allows a no(‘dle or c^one to penetrate 
■ the material without mechanical friction and is arrangc'd to read 
the d(q)th of th(^ penetration in hundredths of a (‘entimeter. A 
standard needh' is used for asphalt materials^ (D5-25), and the 
(;ommon test conditions are temperature, 77°F. (25°C.); time, 
5 se(\; and load, 100 g. Other test conditions are 


Deg. F. 

Load, g. 

Sec. 

32 

200 

60 

115 

50 

5 


For greases and petrolatum^ (D217-38T) the needle is replaced 
with a standard cone. The procedure is tlie same as for asphalt 
materials except that the temperatures of 32 and 115®F. arc 
seldom used. 

Road oils are examined for their asphalt content; Furol viscos- 
‘pty at 122 or 210®F.; and solubility in carbon disulfide,® carbon 

^ Methods of Sampling and Testing Highway Materials, U.S. Dept. Agr. 
Bull 1216, 1928. 
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tetrachloride^ ^D165-27), and petroleum ether.® The asphalt 
content (D243-36) is determined by an evaporai.ion test. A 
100-g. sample of the oil is heated at 480 to 500°F. until the residue 
has a penetration of 100 at 77°F. This test sometimes ruins the ^ 
ductility of the asphalt , and hence tlie value of the test is being 
questioned. 

Gum in Gasoline. 1"he determination of gum in gasoline 
has betai a troubh'sorne t(‘st. The cof)per dish method of deter¬ 
mining gum has 1 )(‘(*m lejolaced by a method^ (1)381-36) that 
utiliz(‘s a m(‘asui'(‘d and heat(‘d stream of air to assist in the 
vaporization. Tins test indicat(‘s th(‘ amount of gum at the time 
of test and the amount of d<‘j)osition that may take place in 
service if tin* gasoliiK' is uschI irnmcxliately. In addition, a test 
for (ftirri slain lily' f 1)525-39T) which involves heating th(' gasoline 
at 211.r)°F. in a bomb at a pr(‘ssure *of 125 lb. per square inch 
for 10 min. and t h<‘ii at 100 lb. per square* inch, all in an atrnos- 
ph(‘r(* of oxyg(‘n, is useful in estimating tln^ amount of gum that 
will be formed during storag<'. In this test the gum stability is 
indicaited \)y tlu* rati* at which tin* pr(‘ssure d(M*reases or the rate 
at which oxvg(‘n is c()nsum(*d. 44i(‘se tests are a great irnprove- 
iiKUit, but it can still lx* said that a gasoline that has a low copper 
dish gum conti'iit is a thoroughly safe gasoline. 

Pmccdun's for Other Coninion 4\'sts’ 

1. Biirninj:; (lUMlify of kerosene oils (1)187-39). 

2. Jturni!ij!; (junlity of lonj^-tinu' hurnin^-oils (D219-30). 

3. (i\rl)on residin' {('onrndson earhon) of lubricating; oils (D189-39), and 
UainsI >ot t orn met hod (1 ).o24-39T). 

4. Distillation of trirs or t)iteh(\s (l)20-27'r). 

5. Doctor test. 

(i. Kmiilsioii, sti'arn of liibricatinp; oils (DloT-aO). 

7. Flash-point of vohitih' flarnimahlc Ihjuids (D.')t>-3G), tag tester. 

8. Float t(\st for bituminous inalcrials (1)139-27). 

9. Gum stability of gasoline (Do25-391’). 

10. IjOss on heating asphalt or oil (DG-39T). 

11. Melting-point of paraflin wax (DS7-27). 

12. Melting-point of petrolatum (D127-30). 

13. Neutralization number (D1S8-27T). 

14. Va|)or pressure of mitural gasoline, Ueid (D323-39T). 

15. Water and sediment by centrifuge (1)96-35). 

16. Precipitation nundier of lubricating oils (D91-35). 

17. Saponilication number i D94-39T). 

18. Tetraethyl lead in gasoline f D526-39T). 
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CHAPTER VI 

DESIGN DATA AND THE LABORATORY 

From the discussion in the previous chapter it is apparent 
that routine tests are not always suitable as a basis for engineering 
calculations. In this chapter a general scheme of obtaining 
engineering design data is presented. In general, only the 
methods that are of broad applicability will be discussed. Some 
^requirements of engineering analysis methods follow: 

1. The results must represent yields and prop(u-tios that (;aii be duplicated 
in a modern, properly operated commercial equipment. 

2. The method must be such that it can be reproduced easily aiul quickly. 

3. The cost must not bo excessive. 

4. The equipment should produce fractions or pr(.)ducts that are large 
enough for the determination of gravity, viscosity, fla8h-i)oint, etc. 

5. The data should be general in nature, if that is possible, so that many 
possible combinations of yields can be computed from a single analysis. 

•1'he true-boiling-point method of analysis meets most of these 
requirements, but the Hempel distillation and other less elaborate 
distillations do not. Even a replica plant fails to meet the 
requirements of cost and of general usefulness. Obviously, the 
laboratory evaluation methods presented here and in Chap. VII 
are of little significance unless governed by the specifications of 
products as outlined in Chap. IX. 

Replica Plants. —A direct means of estimating the yields and 
properties of desirable prodiuds is by th(^ construction and 
ojjeration of a laboratory-size apparatus that is a replica in all 
'essential details of the proposed commercial installation. Excel¬ 
lent results can be obtained from a can^fully built replica plant; 
but the plant is expensive, and its operation demands more time 
than is usually available. Occasionally a complete study of the 
operating conditions of a process is desired, and in such an 
instance the replica plant is obviously’^ useful. It must be 
i^esigned so that it actually duplicates plant results, or its useful¬ 
ness is lost. Compared with the cost of commercial operation, 
the operation of a replica plant is not expensive and the results 
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obtained from one carefully operated are probably more accurate 
than those obtained in most commercial operating tests. How¬ 
ever, th(‘ operation of a replica plant is even more difficult than 
commercial o]j('rat ion, and carelessness may r(‘sult in misleading 
data. 

Universal Design Data. — Ih the operat Ion of the replica plant 
only on(‘ set of yic^Ids, properties^^d conditions can be obtained 
during a single “run,” or t(‘si., anii hene(' s(‘veral runs must be 
mad(^ to ol)ta,in a corn})let(.‘ s(‘t %f results. For this reason 
many d(‘signers hav(‘ adopted a more fundamental type of 
analysis which ])rovides a more com])lete s('t of yields and 
j)roj)(‘rt i(‘s. A discussion of the obtainuKuit of this type' of data is 
th(' puri)Ose of this chapter. Tlie extensive usc'fuliu'ss of this 
type of data, both in design and in operation, will be more 
appar(‘nt in Cliap. Vil. The methods outlined in this chapter 
provide a mc‘ans of ol)taining compndn'nsix e d(‘sign data, but 
they do not j)i*ovide comph'te operating data. The' rc'plica 
plant is p(aha|)s the' )>(\st method of obtaining op('i*ating data 
from laboratory te'sis. The A.S.T.M. luis adoj)t(‘d only oiui 
evaluation spiMufication (1)285-36), i.c., distillation of crude 
I)etrol(nun for naphtha content. 

A coin|)l(‘t(' analysis, for design and oix^rating purposes, should 
at least consist of the following data: 

1. A (listillalioTi curve obtain(*d by carefully fractionating the oil sample, 
d'his type of curve will be refern'd to as a true-boiling-point curve. The 
curve is obtaiiu'd in a batch distillation in whicli each fraction or com¬ 
pound is <-arefiilly fractionated Ixd'ore it is .allowed to leave the equipment. 

2. A distillation curve obtained under equilibri\iin vaporization conditions, 
d’lie vapor is not s('parated from the liquid until the desir(*d equilibrium 
temperature is attained. This curve will be referred to as the flash- 
vaporization r urve . 

3. Mid per c(‘nt ])ropert>' curves which show tlie properties of the small 
amount of material that distills at any percentagt*. C\:)ininon mid per 
(;ent cur\^es are 

a. eVravity mid per rvnt —specific gravity of fraction, versus mid per 
cent of fraction. 

b. Viscosity mid per cent—viscosity at 100 or 210^^’. of fraction, 
versus mid per cent of fraction. 

These curves are called mid ])er cent curves l)ecause the property is 
plotted at the mid percrentage of the fraction that it represents. This 
typo of curve is sometimes referred to as a “stream’^ curve, e.g., specific 
gravitj' (stream). 
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4. Cumulative property curves which show the average properties of the 
entire material distilling to a given ptTceiitage or, more often, the average 
property of the residue at any percentage distilled. Common yield 
curves are 

a. Viscosity yield—viscosity of residue versus per (‘cnt of i-esidue. 

b. Penetration yield—penetration of residue versus i)er C(‘nt of residue. 

c. Flash-point yield—flash-point of residue vc'rsus p(;r cent of residue. 

d. End-point yi(dd—end-point of gasoline versus per cent of gasoline. 

The True-boiling-point Curve. —A true>l)()iling-i)oinC curve 
is obtained by separating tlu* litpiid into nearly pure hydro¬ 
carbons" by distillation and fradionation and plotting the 
t(‘mperature of the vapor against the jK'recuitage. In order to 
obt,ain a tliorougli separation of hydrocarbons, an elaborate 
fractionating column is ii{H*(‘Ssarv. The l)est known of these 
types of columns af(‘ tiu' IVters’ triu'-boiling-point. apparatus^ for 
gasoliiK^ and heavier oils and the ]\)dbi(‘lniak fi'actional-distilla- 
lion apparatus'"^ for heavy oils, gasoline, and natural gas. Many 
other ec|uipm(uits, wlacli will accomjdish |)i‘actically the same 
results, are us('d by A arious refintus,-* but they haA (' not nnaaved 
naiTK^s ))ecause they ar(‘ not geru'rally us(‘d. Se\'(‘ral t rue-boiling- 
point curves are plottxHl in Fig. 8. 

True-boiling-point Apparatus. An apparatus of the Ikders 
' type is shown in l^lg. 9. Th(‘* fractionating (*olumn differs from 

most laboratory coliiinns b(*caus(‘ it is compl(‘t(‘ly insulated from 
the surroundings. The outer jack(‘t .1, through which heated air 
flows, is kept at substantially the sanu* teniixaal iir(‘ as th(> bvm- 

’ Petkus and Baker, fnd. Eng. Chem., 18, 60 (1026). The tc'rm tru(‘- 
hoiliiig-point was first introdiured by Petcis in (u)nn(H*tioii with tlu' ch(aiiical 
distillatioTi industries. 

^ The continuous chanicO'r of the true-boiling-point curve for complex oils 
indicates that pure coinpoiMi<ls are not produced. If i)ur(' compounds were 
produced, the curve would t)e made; up ef a s(‘ries of ste])s, each fiat step 
* representing the boiling-point of a compound. Distillation curves of 
natural gas, natural gasoline, etc., by th(* Podlnelniak fractional-flistillation 
erpiipmcnt do show tlu^se st(!j)s. However, crude oil.s ar(> (‘\c(a;dingly com¬ 
plex materials, and the quantity of any compound is so sinall tliat the flat 
•'^tep for each one of them is not evident. 

•* Apparatus and Metluals for PnM'ise Fractional Distillation Analysis, 
fnd. Eng. Chem., Anal. Ed., 3 , 177 (1931); Api)aratus for Precise High- 
d<'mperature Fractionation of Complex Liejuid Mixtures, Ind. Eng. Cherri., 
hnal. Ed., 6, 119, 135 (1933). 

* Beiswenoer and C'HILD, True Boiling Crude Analysis, Petrolenm Divi- 
‘^ion, Am. Chem. Soe., Atlanta Meeting. 
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perature of the vapor within the column, so that no heat passes 
into or out of the fractionating column. The column is then said 
to operate under adiabatic conditions. Inasmuch as no heat is 
lost or gained by th(‘ column, the amount of reflux or cooling 
material that is introduced into the top of the column by the 



reflux air-jacket C is dependent only upon the composition of 
the vapor from the flask and the degree of separation desired. 
If the fractionating column is insulated with only an insulating 
material, the distillation and the amount of reflux required are 
direct!}^ subject to fluctuations in the condition of the environ- 
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ment, such as the room temperature and draughts of air, and to 
fluctuations in the rate at which heat is supplied to the flask or 
still. With the adiabatic jacket these fluctuations can be brought 
within control. The disturbing influence of changing room 
conditions is particularly important in the operation of laboratory 
equipment, because the heat losses, even thougli the equipment 
has been carefully insulated, are often larger than the useful heat 
input. 



The truc-boiling-point still consists of a flask D (Figs. 9, 10) 
ranging in capacity from 1,000 to 6,000 cc. The larger still is 
advisable for the evaluation of heavy stocks, b(;cause fractions of 
100 cc. are lequired for the determination of gravity, viscosity, 
flash-point, etc. How’^ever, the obtainment of very low pressures 
is difficult in the larger still unless a largo vacuum pump is 
available. A vacuum pump having a displacement of 2 to 3 cu. 
ft. of air per minute is large enough for the 1,000-cc. still, but the 
larger still requires a pump having a displacement of at least 
cu. ft. per minute. Heat is supplied throughout the entire 
"apparatus by electrical resistance coils. The mixture of vapor 
'hat is generated in the flask ascends the adiabatic column A and 
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is fractionated into pure compounds by the principles outlined in 
Chap. XV. At the top of the column the vapor is cooled by the 
reflux air-jacket C so that most of it condenses and is r(‘turned 
to the column as reflux. The purified vapor passes the thermo¬ 
couple E in lh(^ column head and is condenscHl in th(' water- or 
air-cool(;d condeaiser F. Kear the end of the distillation the 
(*()ndensat-(‘ rna^' contiiin wax, and no cooling water is recjuirc'd for 
the condenser. 



Fit;. 10.—Tnio-hoiliMK-poinl vacimm .still for cliarging .3,000 cc. The sinall 
still ill the eorner is a tnu'-lnjiliiig-point still for distilling gasoline at atinosplierie 
pressurt*. (.1. Smith En{;in(cring ComjHing.) 

"I'he temporary reci'iA C'r (/ is for operation at reduced pressvin'. 
During vacuum distillation the product normally drips through 
the receiver G into tlie graduate IL WIkui the graduate is full, 
the stopcock h and the cock g are closed, and the graduate is 
r(‘mov(‘d l>y venting to the atmositht're through cock i. After an 
('inph' graduate' is in position, the cock j is slowly opened so that 
the vacuum on tlu' main system is not violently disturbed. An 
auxiliary vacuum pump ma^' also be used to evacuate the 
graduate. After tht' graduate hti*s been evacuated, cock j 
is closed and the' cocks g and h may be opened again. Through- 
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out the entire operation of changing the graduate, the pressure- 
regulation valve K need not be touched. Fine regulation of the 
pressure is obtained by moans of the valve K, but for large 
adjustments of the pressure; z.e., at pressures above 50 mm., the 
valve L located near the pump may be used. A small amount of 
noncondensable vapor is always present during distillation, and 
this vapor passes tlirough valve K causing the throttling action 
that is necessary for regulation of the pix'ssure. Manometers 
are used to measure the pressure in the etiuipnitail and in the 
graduate while it is being evacuated. When the equipment is 
operated at atmospheric pressure, the first product may be 
volatile, and, if so, the gr*aduate should b(^ imn^ersed in the 
i*emovable ice-bath ,/. Many materials liav(' Ix'en used for seal¬ 
ing the corks c, etc., I)ut LePag(‘’s glu(‘, although it must be 
frequently applied, aj)p(*ars to l)e most satisfactory. 

The distillation may be conducted in two ways, liz.j at a 
const ant- or at a variable rat (‘ of distillation. Tlie more common 
method of operation is to coll(‘(d the distillate at a constant rate. 
d"he curves ol)tained by tliis manner of operation is smooth, with 
the excej)ti()n of slight. irr(‘gularities, and is mon^ conv(*nient 
for design purpose's than oiu' that shows flat ste])s for ('ach corn- 
• ponent. The rne'thod do(‘s not- accomplish such good fractiona¬ 
tion as the second nietliod of operation in which the rate of 
distillation is goveriu'd by th<^ amount, of matc'iial that boils at 
('ach temp(‘i’Mture. If the, amount of matc'rial that boils at a 
giv(ui te'Tuperature is gi'eat, tln^ rate should be fast; but if litth^ 
material boils at the t c'inpc'rature, th(^ rate* should be slow, so that 
a. higher reflux ratio is maintained. 

The curves in Fig. 8 by the Fodl)i(‘lniak ecpiipment were 
obtained l)y tlu' second method of ope'iation. At present, our 
knowledge* of t he* tlu'oix'tical Ix'havior of comj)lex mixtures and of 
the individual (a)m])onents that constitute cornph'X oils is so 
meag(*r that the more* (*xact curve, obtaiiuKl by the variable rate of 
distillation, is almost useli'ss. When our knowledges is extended, 
and this is rajjidly taking place*, the more e*xact curve* showing the 
p(*rcentage e)f e*ach hydrocarbon will be of gre'at value. The 
variables rate of distillation is useful in the preparation of pure 
<*<)mpejunds. 

When the* ce)lumn is o|)erated by the constant-rate method, 
ihe* rate of heating should be* sue*h that distillate is colle'cted 
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at the rate of 1 per cent in 2 min. for atmospheric distillations and 
1 per cent in 3 to 5 min. for vacuum distillations. The tempera¬ 
ture of the air that enters the bottom of the column jacket 
should be aV>out 5° below the flask temperature, and the tempera¬ 
ture of the air leaving the jacket should be about 5° higher than 
the vapor-temperature in the column head. If the air loses heat 
too rapidly in the jacket, more air may be used; and if this fails to 
sustain the temperature, the resistance wires, strung within the 
jacket, may be heated. The quantity of cooling material or 
reflux that is used should always be the maximum amount that 
the capacity of the column will permit. At all times the packing 
of Lessing rings in the column should be wet with liquid. How¬ 
ever, if too much reflux is used, the column will flood’’ or 
prime,” and reflux will accumulate in it to such an extent that 
vapor cannot pass up it without carrying the liquid with it. 
Finally, if flooding persists, the column fails to function as a 
fractionating device, and the reflux liquid is carried into the 
condenser. 

High-boiling Materials. —Even though a pressure of 0.5 mm. 
of mercury may l)e maintained in the true-boiling-point column, 
the highest boiling oils, such as brightstock and tar, cannot be 
com|)leteIy vaporized. The highest vapor-temperature that can. 
be obtained in the true-boiling-point apparatus is approximately 
1000°F. when corrected to atmospheric pressure (Fig. 52, page 
131). However, wlien very short-boiling-range products (approxi¬ 
mately 30()°F.) are being distilled, a temperature of 1060 or even 
llOO^F. may be attained without decomposition. In evaluating 
hcuivy lubricating-oil stocks, a narrow-boiling-range sample must 
be prepared, because a vapor-temperature of at least 1040°F. 
is necessary in order to evaluate hea\'y lubricating oils. To 
produce such a charge-stock, the volatile low-boiling and th(‘ 
tarry high-boiling portions of the lubricating-oil sample must be 
removed. Tlie light portions of the sample may be removed by a 
steam-atmosplu'ric fractionating distillation in a laboratory shell- 
still. The residue from this topping^’ operation may be 
separated into a narrow-boiling-range lubricating oil stock and a 
residual tar or ‘M:K)ttoms ” product by a continuous ^xlcuum-f^ash 
distillation. The “heart-cut” lubricating stock may be readily 
evaluated for lubricating oils by a true-boiling-point analysis. 
This heart-cut lubricating stock is particularly suitable for analy- 
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sis because it contains no tarry material, and therefore the 
bottoms from the subsequent truc-l)oiling-point analysis is a 
clean, heavy-cylinder stock. 

^ As an example, we may wish to evaluate the lubricants in a 
Mid-Continent reduced or topped crude oil of 26 A.P.I. gravity. 
By a steam-atmospheric distillation in a small shellstill a 23 A.P.I. 
reduced crude-oil and a 32 A.P.I. gas-oil distillate may be 
produced. The 23 A.P.I. reduced crude oil is then distilh^d in the 
vacumm-flash vaporizer (Figs. 11, 12), leaving as a residue a 
9 A.P.I. tar and obtaining as a distillate a 25 A.P.I. heart-cut 
lubricating-oil stock which is suitable for evaluation in the true- 
boiling-point column. The percentage break-up’^ would be 

, approximate!}^ as follows: 


Material 

Per cent 

A.P.I. 

Gas oil. 

20 

32 

Liib(3 stock (heart-cut). 

73 

26 

Tar. 

7 

9 

1 


Reduced crude (charge-stock). 

100 

26 


Continuous Vacuum-flash Vaporizer.—The flash vaporizer 
must be large, because small vaporizers cannot be easily con¬ 
trolled. However, a small one similar in principle to tlie equilib¬ 
rium vaporizer shown in Fig. 13 might perform properly. A 
satisfactory flash vaporizer is shown in Figs. 11 and 12. In 
Fig. 12 it is situated to the right, and the control desk and panel 
are in the center. 

The purpose of the flash vaporizer is to prepare a lubricating 
stock for evaluation i)urposes, and hence the re^sidue of tar 
" should be as small as possible and should contain no lubricants 
that can be removed from the tar in a commercial vacuum plant. 
For this reason the apparatus is always operated at the maximum 
allowable temperature of about 700°F.^ and at as low a pressure 
as possible. With an almost h^ak-free apparatus and with a 
vacuum pump having a capacity of approximately 9 cu. ft. per 
minute the apparatus can be operated at a pressure of 7 mm. 
The capacity of the equipment ranges between 1 and 4 gal. per 

* Decomposition or cracking starts at 680°F. 
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Fig. 11.—Diagram of contiimous vacuuin-flfisl] o<iuipincnt. 


Fig. 12.—Continuous-flash vaporizer. (Two small shellstills are shown at tlie 
left.) (A. J. Smith Engineering Company.) 







DESIGN DATA AND THE LABOHATOIiY 


61 


hour depending upon the character of the charging-stock. The 
aim is to ^'aporize as large a pei-centage of oil as possible, even 
though the fractional ion is imperfect, and hence no more reflux 
is used® t han the small amount that is required to prevent entrain- 
in(‘nt of tar into the distillate. 

Tht‘ continuous vacuum-flash vaporizei* is essentially a replica 
of a modern vacuum distillation plant, but its usi'fulness is not 
limited to such o])erations. The pipestill of tlu^ (‘ominercial 
unit, is re])laced by a coiled-steel heating tube cast in aluminum. 
Insulated resistance heaters are also embedded in tlu' casting, 
and they are connected to an automatic t(Mn|)('ratur(i controller. 
The use of a casting as a heating agimt has sc'veral advantages. 
It serves as an excellent reservoir for lu'at so tliat large' fluctua¬ 
tions in temperatun' art'; impossible; it facilitates tlie transfer 
of h('at from the resistance heaters to the oil; and its ternpc'ratun^ 
can b(‘ easily controllcMl l)y an automatic controllia* acting upon 
one of th(‘ r(‘sistance lu^aters. Heat lossc's art' abnormally high 
in small (‘(luipmtait, and lumce the vacuum-towt'r is jacketed 
with iiK'rcury xapor and with fiu(‘ gas. Tlu' ttmipt'rature of 
(lie mertuiry jacket can lie automatically controlled by r(*gulat- 
ing th(' jiressure at wliich th(‘ mercury boils. 

Equilibrium-flash Vaporizer.- If a litiuid mixture is ht^ated 
without allowing tlu‘ vajior to separate fi’om the unvaporized 
rK|uid until thc‘ final desired tcunperature is reached and if the t wo 
phases, litjuid and vapor, ar(‘ ktqit in intimat (‘ contact, the vapori¬ 
zation occurs by an etiuilibrium flash. By this nudhod the 
lem[)(‘rature retpiirt'd to vajiorize a giv(*n percentages is much 
lowt'r than that reipiinal in vaporizing tlu^ sam(‘ amount by a 
tru(‘-boiling-point or A.S.d'.M. distillation. This difference may 
!)(' (‘xplaiiK'd by considering that the vapor acts as an inert gas 
and ti'nds to vaporize the remaining licpiid as does steam in a 
steam distillation. 

Inasmuch as the continuous-flash proccNss of vaporizing is used 
in almost all modern distillation plants, eciuilibrium-flash data 

® Openitioii with very little or no reflux at the vajwrizer section of a tower 
is common commercial ])ractice in the operation of atmospheric as well as 
vacuum plants. Usually very little reflux finds its way into the vaporizer 
section. However, a little fraetionation doe.s occur in the plates between 
the vaporizer and the first side-draw plate because of heat losses. This 
reflux is probably little more than that required to stop entrainment and 
to ke(‘p the plates scaled with liquid. 
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are vitally important. Furthermore, as outlined in Chaps. 
XIV and XXIII, such data are important in other phases of 
design work. 

If the oil is flashed at one temperature, a certain percentage 
of it is vaporized; and by flashing at several temperatures a 
compl(‘te (^iir\T, ndating the flash temperature and the percent- 
ag(i vaporizc^d may be obtained. Such a curve is called the 
flash-vaporization curve. Figure 13 is a sketch of a laboratory 
(^(luipment for the det<;rmination of eciuilibrium-flash data. Suc- 
(jessful flasli-vaporization equipment must be capable of feeding a 
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Fiu. 13.—Equilibrium-flaah vaporizer. 


small amount of mat(‘rial at a constant rate and of heating it to 
a constant t('nip(‘ratur(‘. At the same time an equilibrium or 
intimate contact must be established between the liquid and the 
vapor at the flash temperature. The vaporizer A, packed with 
Lessing rings, is provided for establishing equilibrium. The 
rat(' of feed is regulated by the constant head device D and the 
orifice E. A constant rate depends upon a constant feed tem¬ 
perature, because the viscosity and the rate of flow through the 
orifice vary with temperature. Constancy of the flash tempera¬ 
ture is maintained by the resistance coil that surrounds the 
heating tube and particularly by the glass heating tube in 
the vapor jacket. Should the temperature of the oil leaving the 







DESIGN DATA AND THE LABORATORY 


63 


ateel heating tube be slightly high, the oil will be cooled in the 
glass coil by the vapors, and vice versa. 

The apparatus described (page 62, Fig. 13) does not provide 
such exact results as do other types of equipment,^’® but the data 
are sufficiently accurate for most design work. The more exact 
equipments^'® consist of a large bath which keeps the heating 
coil and vaporizer at a constant temperature. The temperature 
of the bath can be controlled within ±0.5°F. The objection to 
such equipments for commercial work is the length of time 
required to make an analysis. The temperature of the bath 
changes very slowly, and a large sample of oil is required. 

A series of orifices having holes ranging from to 2 mm. in 
diameter are necessary in order to handle the complete range of 
charging-stocks. The apparatus gives equilibrium conditions 
when operating at capacities of about 9 to 19 cc. per miirrite. A 
constant condition can be obtained in approximately 20 min. of 
operation, but at least 40 min. is required for the determination 
of a single point on the flash-vaporization curve. In processing 
light materials such as gasoline, the distillate receiver should be 
immersed in a brine bath or even a carbon dioxide snow-container 
to condense the volatile hydrocarbons. Modifications can be 
made for the determination of flash-vaporization data at reduced 
pressures. 

Fractional Analysis. —The Podbielniak low- and high-tem- 
perature precision fractional-distillation equipments® can be 
used to obtain this type of analysis. The fractional analysis 
may be defined as one that states the percentage of each com¬ 
pound in the sample. For relatively simple mixtures, such as 
natural gas, natural gasoline, lacquer thinners, and short- 
boiling-range petroleum fractions, the fractional analysis is of 
great importance (Fig. 8). 

Figures 14 and 15 indicate details of the Podbielniak equip¬ 
ments. They are both essentially truc-boiling-point equipments, 
but the low-temperature apparatus is modified so that it can be 
operated at temperatures far below zero. In the true-boiling- 
point apparatus discussed on the previous pages the pressure is 

^ Leslie and Good, The Vaporization of Petroleum, Ind. Eng. Chem., 19 , 
453 (1927). 

* PiROMoov and Beiswenger, Equilibrium VaiX)rization of Oils . . . , 
4.P.7. Bull 10, No. 2, Sec. II, p. 52, 1929. 
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usually not changed during the distillation, but in the fractional- 
analysis ('(iuipm(‘nts the pr(‘ssure and temperature may be 
changed simultaneously. In the lo\v-ti‘mp(‘ratur(‘ equipment the 
sampl(‘ may be cool(‘d with H{[uid etliyhaie, (‘thane, air, nit rogcai, 
carbon dioxid(‘, (dc. (las samples of 2,000 cc. are advisable, 
although sam|)l(‘s of only 100 cc. liave b(M‘n successfully analyzed 
by tlu^ us(‘ of a microfraciionating tube*. Licpiid samples of 



50 cc. ar(‘ (h'sirable. Mdu' high-temp(’rature erpiipment^ may 1)(‘ 
obtaiiK'd with flasks liaviiig capaciti(‘s from 250 to 2,000 c(^ 

In analyzing gas(‘s (Fig. 11) the sami)k‘ is introduced into the 
chilh'd distilling bulb, and all gas except the air, liydrogen, and 
methane is condensi'd. The.s(‘ ])ermanent gas(‘s are collected in 
an (‘vaouated rec('i\ (‘r, and tlu‘ |)ressurt‘ in tlu' receiver is recordcxl. 
The coud(‘ns(‘d hydrocarbons are tlnm allowed to warm, and the 
components arc fractioned and colliM‘i(*d one by one in evacuated 
r(‘ceivers. Heat may l)e nMpiinHl to vaporiz(‘ the liighest boiling 


PodhUdniak Indu.strial R(>s(?arch and .Vnalytical Lahoratori(\s, Chicago. 
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part of thie liquid. When a flat place occurs in the distillation 
curve or, in other words, material is collected at a constant 



Fig. 15.—Podbielniak liigh-tomporature precision fractional-distillation appa¬ 
ratus. (Walter J. Podhieiniak.) 

tomperaturt?, the reflux is deci'cased by allowinf? the component 
to escape from the column more rapidly. As the temperature 
tends to rise, the reflux is increased by using a slower rat(^ of 
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distillation until finally little or no more material collects. At 
the same time the pressure in the column tends to drop. This 
condition indicates that one component has been removed. The 
components may be collected in different receivers; but more 
often the gas is collected as a mixture, and the percentage of 
each component is determined by examining the distillation 
curve. 

The volume of each component can be measured in mol or 
volume percentage by merely noting the change in pressure in 
the gas receiver, because the temperature and the volume of the 
receiver remain constant during the test. 

Auxiliary Equipment. —In completing an evaluation of an 
oil stock, the fractions obtained in a true-boiling equipment are 
examined to determine their properties such as the gravity, 
viscosity, flash-point, and penetration (Chap. VII). The largest 
practical size of fraction is about 100 cc., and hence special 
microanalysis equipments are sometimes us(^ful. The gravity 
may be obtained with 4-in. hydrometers and more accurately 
with a chainomatic specific-gravity balance. By careful manage¬ 
ment the standard viscosity equipment may be used, but vis¬ 
cosity pipettes’^ similar to the Ostwald pipette are useful. 
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CHArTER VII 

THE EVALUATION OF OIL STOCKS 


TIk'h; an^ tlncc- classes of oni(l(‘ oils: paraffin base, 

mixed Ijase, and asplialt l)asc. In additE)n, ].an(‘ and GartoiE 
other inodifieat ions, (.g., 

A. Para/Fill })a.s(‘. 

B. PHnifliTi iFi1<;nna(lial(‘ hasc^ 

( /. IuU‘rrn(aliate-par;i(lir» hane 
I). Iiitorinodiatr' Otux^mI) l)a.sc 

Thus, [)araffiii--iid(‘rin(‘diat.(‘-bas(‘ (B) oil contains paraffin-base 
gasolines and intern\ediat(‘-bas(' lubricants- and base E oil con¬ 
tains intennediat(‘-gasolin(‘ and naphtluau' ]id)ricants. Crude 
oils of bas(‘s A and C are most typically ])araffin base, and oils 
of l)as(‘s \] and G ar(‘ typically naphtluaie base. An oil that 
contains wax is d(*signat(‘d as ‘Gvax Ixairing/^ 

Although th(' bas<‘ of an oil indicat(‘s some of the general 
projXM’ties of tlie oil, no classification of crud(‘ oils can l)o entin^ly 
salisfactoi-y. This is })<‘caus(‘ lew oils Ixdong distinctly to any 
one group, and some oils luive such inria*m(Hliate prof)erties that 
tlx'v are misfits in any group. Nt'vm'tlu'less, to exjx‘rienced 
men, th(‘ base of an oil connotes c(‘rlain distinctive in’operties. 
Thcs(' are indicat( h 1 in the following discussion. 

The Base of a Crude Oil, Thert* are sexan al common methods 
of judging th(' base' of an oil. Thcs(' tests or inspections should 
lx‘ used coli(x‘ti\ ('ly lx*caus(‘ an oil may Ix' of one base by one test 
and Ix'long to anotlna; ba.s(‘ by other tc'sts. In otlu'r words, an 
oil may lx‘ on the Ixirdivr liiu' betwc'cn two bas(\s, and the classifi¬ 
cation of it should d('p('nd somewhat upon the parti(‘ular proper- 
li('s that an' of gri'ati'st interest. 

1. The Bur(\au of Mines Key Fraction No. is tlie portion 

)f a crude oil that l>oils betwtx*n 482 and 527°F. If the gravity 
of a Crude Oil, U.S. Bur. Mifies, Itepts. Investigations 3279, 

1935. 

* Smith, N. A. C., The Interpretation of Crude Oil Analyses, U.S. Bur. 
\fines, Repts. Investigaiious Srrial 2806, 1927. 


I'j. Tnt(*rnu‘di h tc-nup}itli(;nc base. 
F. Xn j )h 11H*7 Hi n t(• ri n ( xl iate base. 
Cl. Xaplitljeiu' (asphalt) base. 
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of this fraction is above 40 A.P.I., the oil is paraffin base; and if 
its gravity is below 33 A.P.I., the oil is naphthene base. In 
general this checks with the correlation of crude oils by gravity, 
as presented in Fig. 20. 

2. The Bureau of Mines “Key Fraction No. 2'^- is that portion 
of a crude oil which boils b(‘l ween 527 and 572°F. at 40 min. 
pressure. By the correction chart (Fig. 52, page 131) the 



10.—Relation of viseosity at 10()°F. to viscosity at 210”F. 

b()iling-rang(' at 700 mm. is 733 to 779°F. If the cloud-point of 
this fraction is below 5°F., the crude oil contains substanl ially no 
wax and is distinctly naphthene or intermediate-naplil h(m(i base. 
Howev(‘r, if the cloud-point is above 5°F., the oil is designated as 
wax bearing. 

3. Tlie viscosity-ternperature-relation of an oil is perhaps the 
most important property in the valuation of oil stocks. At high 
temperatures tht' viscosity of an oil and its ability to lubricate 
surfaces l)(‘COine less. 'riios<‘ oils whose viscositv decrease's 
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rapidly with temperature are not so desirable as oils that retain 
their viscosity. According to Fig. 16 the paraffin-base oils lose 
leas viscosity with an increase in temperature than do other types 
of oil. The viscosity-temperature-relation is an important 
property; and inasmuch as the market price is largely determined 



Viscosity Index 

Fio. 17.—Viscosity index. (Dean and Davis^ Chem. Met. Eng.) 

by this property, it may eventually become of even more impor¬ 
tance than the base of an oil. Recently, lubricating oils have 
been produced by the polymerization^ of unsaturated light oils, 
by hydrogenation, and by solvent treating. Some of the oils 
by these methods exhibit viscosity-temperature-relations that 
are superior to those of paraffin-base oils. 

* Sullivan et al.<, Lubricants from Cracked Distillates, Oil Gas. June 4, 
1931. 
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Dean and Davis^ have suggested a useful constant, the 
Viscosity IndeXj for comparing the vLscosity-temperature-relation 
of oils. A Pennsylvania or paraffin-base oil, with an arbitrary 
index of 100, was adopted as the standard high-index oil. At the 
other extreme is a naphthene-base oil with an index of 0. Figure 
17 is a chart by which the Viscosity Index may be computed. 
As an example, the Viscosity Indt^x of an oil having a viscosity 
of 90 at 210°F. and 1,200 at 100°P\ is 79. The index was deter¬ 
mined by following the oblique line markcxl 90 to the horizontal 
line marked 1,200. These lines intersect at the vertical line of 
79 index. 

The viscosity-gravity constant^ is (dosely related to the Viscosity 
Index. The constant can be obtained from the gravity at 60°F. 
and the viscosity at 100°F., and in turn the Viscosity Index can 
be obtained from the viscosity-gravity constant. Thus the 
Viscosity Index for light lubricating oils and distillates can be 
obtained without d(d(a-mining the viscosity at 210°F. The 
viscosity at 210°F. of such oils (ainnot be accuratedy det(‘rmined. 

The well-fractionated narrow-boiling-rangc^ fractions obtained 
in a true-boiling-point distillation seem to have slightly higher 
Viscosity Indexes than regular blended oils. Figure 21 indicates 
liigher indexes than those shown in Fig. 16. 

4. The gravity versus gasoline content of a crude oil is a 
further indication of the base of tlu' oil. More than 130 crude- 
oil analyses were us(^d in j)lotting Fig. 18. ddie percentage of 
410 to 425°F. end-point gasoline was plott('d against the A.P.I. 
of the crude oil. The comparison indicates thr(‘(^ w(dl-defined 
zones for the different bases of oils. For examph', a 36 A.P.I. 
(*rude oil containing 30 per cent 415°F. gasoline would be classed 
as a mixed-base oil. 

5. A comparison of the properties of an unknown oil with 
those of known oils is a common m(‘thod of studying an oil. A 
comparison of only two or three oils is not satisfactory and may 
lead to erroneous conclusions. Hence the following comparison 
of more than 82 true-boiling-point analyst's of crude oils is pre¬ 
sented. In all cases the propt'rties are those of raw products just 

^Viscosity Variations of Oils with Temperature, Chem. Met. Eng., 36, 
('1929); Applying Viscosity Index to the Solution of Lubricating Oil 
Problems, Oil Gas Mar. 31, 1932, p. 92. 

^ McCluer and Fenske, Ind. Eng. Ch^.m., 24, 1371 (1932). 
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as they were obtained from the true-boiling-point distillation 
(‘quipment. A comparison of the properties of raw-oil samples 
is to b(‘ preferred to a comparison of finished-oil properties 



Flo. 18.—BubC oi a eiutiu oil. 
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Fig. 19.—Correlation of the boiling points of crude oils. 


because of the uncertainty introduced by laboratory treating and 
fini.shing open-ations. 
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Fm. 20.—CdiTolalion of A.P.I. giavity of I'vudc oils. 



Fig. 21. —Correlation of viscosity of crude oils. 
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Figures 19, 20, and 21 are comparisons of the true-boiling-point 
distillation curves, the A.P.l. mid per cent gravity (see page 73), 
and the mid per cent visc^osity (s(^e page 73) of the various bases 
of crude oil. Figure^ 19 was obtained by plotting the boiling- 
range of the material boiling up to 450°F. as 100 per cent and 
the boiling-range of the remaining material, or base of the oil, 
as 100 per cent. By a reverse operation, an approximate 
true-boilii)g-point distillation curve can be computed if the 
percentage of 45(FF. (about 428"^F. A.S.T.M. end-point) material 



Fig. 22.—Tnio-hoiling-poiiit evaluation curves for a 37.3 A.P.l. mixed-base cnide 

oil. 

and the base of tlie oil are known. Figure 20 was obtained by 
plotting the A.P.l. gravity of the fractions of crude oil at their 
mid or 50 per cent boiling-points. A large change in the boiling- 
point of the higher boiling oils causes only a small change in the 
gravity, and hence the upper parts of the curves are not entirely 
dependable. Figure 21 was plotted similarly to Fig. 20, i.e., 
by plotting the viscosities at 100 (and 210)°F. of the fractions 
at their mid boiling-points. 

These curves are merely averages of many crude oils, and 
perhaps no single crude oil mil fall exactly on the average lines. 
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As mentioned before, crude oils are seldom found that are 
typically paraffin, mixed, or naphthene base. Figures 22, 23, 
and 24 are analysers of typical crude oils. 

Example 3. Construction of Average Crude-oil Curves without Analysis., 

A (Tilde oil (Muitjiins 40 p(T (TOt gasoIiiK* and has a gravity ot 38 A.P.I. 
According to Fig. 18 the oil i.s a typicail rnixiul-basi* oil. 

t'onipvitcMl data for truc‘-boiling-point distillat ion ciirvi* (see eurviis 7 
and 3, Fig. 19): 


Per cent 

j Per cent of crude 

Temperature, deg. F. 

Gasoline: 

i 


25 

10 

1 205 

50 

20 

291 

75 

30 

368 

100 j 

40 

450 

Base: 

20 40 -f 00 

5 = 52 

554 

40 

04 1 

081 

60 ' 

70 

815 

80 

88 

1020 

100 

100 



'riu* gravity and viscosity data can be obtained from Figs. 20 and 21: 
'J'Ikj data for tin; mid jier cent curves an* as follows: 


Tenipernture, 
deg. F. 

Gravity, A.IM. 

Viscosity 

.\t loon’. 

At 210‘ 

150 

75 



200 

()0 



300 

52.2 



400 

43.5 



500 

38.5 



0(X) 

33.0 

45 


700 

29.3 

76 


750 


125 


800 

20.0 

233 

48 

850 


490 

63 

900 

22.7 


76 

950 



105 

1000 

20.5 


151 

1050 



238 
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6. The most useful method of cataloguing the base or paraf- 
fiiiicity of crude oil or any stock derived from it is the charac¬ 
terization factor.*^*^ This factor may be defined as the specific 
^ gra\’ity (at G0°P\) divided into the cube root of the temperature 
* (degrees Fahrenheit absolute). Typical factors for various 
stocks are 


ParalFin hydrocarbons. 12.7 

Pennsylvania stocks. 12.2-12.5 

Mid-Continent stocks. M . 8-12.0 

Gulf Coast stocks.' 11.0-11.5 

('racked gasolines. 11.5-11.8 

Cracking plant feeds (combined). 10.5-11 5 

Recycle stocks. 10.0-11.0 

Cracked re.siduums. 9.8-11.0 

Benzene. 9.8 


Tlie factor has been made us(d*ul by rtdaiing it^ to many of the 
[diysical pro|)(‘rties of pc’trohaim stocks (see Chap. YU I). 

7. Another indication of the base of an oil is the ‘^cast’^ or 
‘Mdoom’' of the lubricating oil stocks. By transmitted light 
lli(‘ color of oils A'aries from a light yellow to a deep red. By 
r(‘fl(‘ct(‘d light th(^ oil may (‘xhibit a })liu> or yellow-green appear- 
bnc(' at tlK‘ surface, r(‘gardless of color. This appeai'ance is 
(hie to fluorescence and is called the cast, of the oil. It may be 
n()t(‘d by looking at the oil at an angU' rather than directly 
til rough th(‘ oil or, (‘V(‘n l)etter, by viewing tlie oil in thin layers 
on a black background. Ih'opc'rly refiiuHl paraffin-base oils 
and e\'en some mixed-ba.se oils hav(‘ a yellow-green caist, but 
nnpbthcMie oils a})])(*ar deep blu(‘. Tlu* natural ycdlowi.sh cast 
of paiaffin-basc or mix(‘d-base oils may be spoiled by improper 
acid t reatment. 

^ Typical Crude Oils.— In addition to tlu* properth^s of crude oils 
tliat are intern'd oi* illustrated in tiu' discu.ssion of the bases of 
cii]d(‘ oils, some of the characteristics^ of tlie crude oils produced 

^\^\^soN Sind Nelson, Iinprovc<l Molhods for Ai)proxim{iting Critical 
:nul Tiiennal I*rop(*rties of Petroleum Fractioii.s, Ind. Eng. Cficm., 26, 880 
1933). 

' Watson, Nelson, and Mukphy, Characterization of Petroleum Frac¬ 
tions, Ind. Eng. Cheni., 27, 1460 (1935). 

^ ■ Nelson, W. L., Percentage of Naphthenic Ba.se Crudes Produced 
DMining, Oil Gas J., July 29, 1937, p. 91. 
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in the United States from 1927 to 1930 are shown in Figs. 25 and 
20 and in the tabulation given on pages 79 and 80. 3^hese data 

1,000 f 


900 

800 

700 

80 

60 

40 

20 



Z 


0,004) 




'm) 









r- T r r- ' -1- 

Cruc/e oilproc/ucfion in 'miii/pns 
\of bqirrets^perj/ear\ 1 





int^ 

trme. 

oiiate 

r~ 

r 




— 

r 




T 1 

Percenlage of 

_^_J_ 

jofch i 

>ofse 1 

yfcru 

1“ 1 
de oi 

7 


__ 

__ 

1 

No phi hem 




Paraffin 


Pam 

ffin 


- 

1 

_J 


€ 


a 


i/aphfhen 


1927 1928 1929 1930 1931 1932 1935 1934 1935 1936 
Fig. 25. Yoiiiiy productiofi and hasf* nf oil prodiif*(*il in tlu‘ United States. 
(OUGo.^ J.. July 2U, imi, 91.) 



0.90 

0.70 

0.50. 




--- 


— 

Averc 

nge percehfagi 
of sulphur 









J 
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Fio. 26.—.AverfiKo Kriiv'ity, sulfur, and jjasolinc conti'iit of United States petro- 
leurn.s. (Oil (ins J., July 29, 19J7, i). 92.) 

were compiled in a study of the 99 largest oil fields of the United 
States, and di'tailed siatisties for each of the fields have also 
been published.^ 


* Nelson, VV. L., Six arti{*lo.s in Oil Gas J. fnvomged by states) July 29, 
1937, p. 91; (California) .Vur. 5, 1937, p. 36; (Oklahoma) .\iig. 19, 1937, 
p. 48; (Texas) Sept. 2, 1937, i>. 50: (Kansas) Oct. 28, 1937, p. 48; (ly^iiisiana 
and five other states) Nov. 4, 1937, p. 54. 
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Percentage op Each Base op Oil, by States 



1927 

1930 

1932 

1934 

1936 

California: 






Naphthene. 

40.3 

26.8 

25.6 

29.0 

26.6 

Intermediate. 

59.6 

73.2 

74.4 

71.0 

73.4 

Texas: 






Naphthene. 

21.8 

29.6 

10.2 

5.9 

6.6 

Paraffin. 

20.1 

7.2 

10.5 

7.0 

8.1 

Intermediate. 

58.1 

63.2 

79.3 

87.1 

85.3 

Oklahoma: 






Paraffin. 


24.0 

32.8 

48.6 

49.8 

Intermediate. 

100.0 

76.0 

67.2 

51.4 

50.2 

Kansas: 






IntenneHliate. 

1(K).0 

100.0 

100.0 

100.0 

100.0 

Louisiana: 






Naphthene. 

29.2 

23.8 

20.5 

7.3 

2 1 

Paraffin. 

70.8 

76.2 

66.7 

23.5 

52.9 

Intermediate. 



11.9 

69.3 

45.0 

Miscellaneous: 






Naphthene. 

34.0 

33.7 

21.4 

17.9 

14.5 

Paraffin. 

7.0 

21 .8 

28.0 

30.8 

32.7 

Intermediate. 

59.0 

44.5 

50.6 

51.3 

52.8 

Total: 






Naphthene. 

23.8 

20.4 

12.8 

10.4 

9.7 

Paraffin. 

7.1 1 

9 9 

12.5 

14.3 

16.7 

Intermediate. 

69.1 

69 7 

74.7 

75.3 

73.6 

Pehoextage of Gasoline and Naphtha, bv Staiies 


1927 

j 1930 

1932 

1934 

1 1936 

(’alifornia. 

17.5 

1 24.4 

26.7 

2.6.3 

26.4 

T(;xas. 

23.8 

22.6 

30.0 

32.4 

31.8 

Oklahoma. 

31.4 

34.5 

33.0 

30.4 

30.2 

Kansas. 

32.4 

32.0 

33.5 

36.0 

39.3 

Louisiana. 

16.2 

18.1 

18.7 

22.8 

25.8 

Miscellaneous. 

16.7 

22.5 

25.8 

26.5 

27.6 

Total. 

22.6 

26.2 

29.4 

30.0 

30.6 

Average A.P.I. Gravity, by 

States 



i 

1927 1 

1930 

1932 

1934 

1936 

(’alifornia. 

24.6 

28.2 

29.5 

28.8 

29.3 

Texas. 

32.6 

31.3 

35.7 

37.1 

35.8 

Oklahoma. 

38.7 

38.6 

38.4 

37.1 

36.5 

Kansas. 

37.8 

37.6 

38.1 

38,9 

39.6 

Louisiana. 

30.9 

31.6 

32.2 

35.5 

41.6 

Miscellaneous. 

27.4 

31.3 

*33.7 

34.2 

35.0 

Total. 

31.6 

32.2 

34.4 

35.0 

35.9 
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Percentage of Sulfur, by States 



1927 

1 

I 1930 

j 

1932 

1934 

1936 

('jiliforuia. 

.1.145 

1 

I 0.925 

0.925 

0.927 

0.904 

'I'cxas. 

.1 0.445 

1 0.93 

0.572 

0.402 

0.475 

OklahoniJi. 

.^ 0.328 

0.334 

0.292 

0.206 

0.258 

Kiin.sfis. 

.i 0.25 

0.26 

0.24 

0.246 

0.292 

Ijouisinna. 

.j 0.30 

1 0.295 

0.29 

0.145 

0.182 


.i 1.51 

1 1.20 

1.05 

1.0 

0.96 

"I'otjil. 

.■ 0.75 

: 0.771 

0.645 

0.545 

0.546 


TIk^ iminlx'rs of th(‘ gasolines from th(‘ s(‘veral bases of 

crudr* oils ar(‘ fairly well d(‘fined. From a limitc'd number (41) 
of erud(‘ oils it ai)pears that the octane mimb(a*s an* somewhat 
as follows: 



Oclaiio ? 

<o. of 398 


10.P. gasoline 


Average 

1 

Paraflie huso. 

40.2 

34r-53 

Paraflin-int (‘riiicdia.! c. 

45.3 

41 50 

lntcrin(‘(li;it(‘ hn,s(‘. 

56.0 

50-61 

NaplitlioiK.* niid nniditheiio-intormcdeitc. 

64.9 

55-71 


Fundamental Mathematics. —The. ])hysieal proj^erties of an 
oil are found to vary gradually throughout the range of com¬ 
pounds that constitut(‘ the oil. Distillat ion is a means of arrang¬ 
ing th(*s(^ cliemical (*omj)ounds in the order of their boiling-points. 
The })rop(*rti(*s such as color, specific gravity, and viscosity 
arc* found to l)e different for (*ach drop or fraction of the matca*ial 
distill(‘d. The rate at whicli these properties change from drop 
to drop may be* plotted as mid per cent curves (page 83) such 
as curve's 2, 3, and 4 in Fig. 22, 

The refinc'ry engineer is most often interested in determining 
the propc'rty of a commercial fraction such as the gravity or 
\dscosity. In reality, the gravity or vis(*osity of a fraction is an 
average of the properties of the many drops that constitute the* 
fraction. If each drop is equally difFcarnt Trom the last drop and 
from the suc(*eeding one, then the drop that distills at exactl>' 
half of the fraction 1ms the same propj'rty as the average of all 
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of the drops. This would be the condition for a mid per cent, 
curve that is a straight line. Mid per cent curves are never 
exactly straight lines (Fig. 27), but they are substantially straight 
througli any short range of percentage. For a short range of 
percentage the a\’erage propei-t.y is (Hjual to the property at the 
mid-point of the fraction. Each short range* of p(M*centage may 
l)e considered as a matei*ial, and the arithnK'tical avru age* of the 
properties of these matei’ials is the pi*oi)eriof tin* total fraction. 
The mechanism of using the foregoing principles can be best 
illustrated by an example: 

Example 4. Use of Gravity Mid Per Cent Curve. —Foinpute the specific 
gravity of a 41.4 A.P.I. (0.8183 sp. gr.) mixed-baso crude oil from the specific- 
gravity mid per cent curve. Figures 27 is tli(' gravity mid p(‘r cent curve 
as determined in tlic laboratory. 

Assume that the curve is broken up into 19 fraettions as indicated in 
Fig. 27. The gravities of the 19 materials are indicated by the 19 short 
horizontal lines. The curve is sul)stantially straight through fractions 
5 to 18 inclusive, and the liorizontaJ lines pass through tlu* centers of tliese 
fractions. The horizonttil liiies (average gravities) for the other fractions 
(1 to 4 and 19) do not pass tlirougli th<‘ mid-point })uf, are so arranged that 
the triangular areas above and below tlui curve an^ (‘(pial. The; gravities 
of tlie 19 fractions arc as follows: 


Fraction No. 

! Rang(‘. of percentage 

i 

8p. gr. 

1 

i 0 5 

0.6506 

2 

1 5-10 

0.6936 

3 

1 10-15 

0.7227 

4 

1 15-20 

0.7420 

6 

1 20-25 

0.7583 

() 

25-30 

0.7720 

7 

30-35 

0.7844 

8 

35-40 

0.7958 

9 

40-45 

0.8067 

10 

45-50 

0.8170 

11 

50-55 

0.8280 

12 

55-60 

0.8388 

13 

i 60-65 

0.8498 

14 

; 65-70 

0.8fi02 

15 

! 70-75 

0.8713 

16 

7^80 

0.8827 

17 

80-85 

0.8939 

18 

85-90 

1 0.9065 

19 

90-100 

0.9340 
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The p;ravity of the crude oil is equal to five times that of each of the frac¬ 
tions 1 to 18 inclusive plus ten times the gravity of fraction 19, all divided 
by 100. The computed gravity is 0.8171, and the actual gravity of the 
crude oil was 0.8183. This is a reasonable check and is sufficiently accurate 
for most engineering design work. 

'I'his cnide oil contains 40 p(jr cent gasoline, 15 per cent kerosene, 
15 per cent gas oil, jind 30 per cent reduced crude oil. The gravity 
of the gasoline erpials five times the gravity of fractions 1 to 8 inclusive 
divided by 40 and numerically is 0.7399 (59.8 .\.P.I.). In a similar manner 
the gravity of th<; kerosc'in; is equal to five times the gravity of fractions 9, 
10, and 11 divided by 15 and is 0.8172 (41.6 A.P.I.). Likewise the gravity 



Percentcuoje Distilled 
Fig. 27.—Mid per cent gravity curve. 

of the gas oil and reduced crude oil are respectively 0.8496 (35 A.P.I.) and 
0.9037 (25.1 A.P.I.). 

In this example the actual fractions that were produced in the laboratory 
were used. In the usual case only the curve is available, and it is arbitrarily 
broken up into suitable fractions. 

By inspecting the specific gravities computed in Example 4, it 
will be noted that the gravities of the kerosene and gas oil are 
the same as the gravities at the 47.5 per cent and the 62.5 per 
cent points respectively. More generally, they are the same as 
the gravity at the mid per cent points of these two cuts. Such 
might have been expected because the curve is nearly a straight 
line throughout these materials. Following this reasoning we 
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may say that if the property curve is nearly a straight line 
between the limits of the fraction, the average property of the 
fraction is equal to the value of the property at tlie mid per 
cent point of the fraction, and the laborious method of integral- 
^ averaging by graphical methods, as in Example 4, need not be 
used except throughout sharply curving sections of the curve. 

Application of Graphical Integration.- Graphical integration 
cannot be used in obtaining an average unless the property is an 
additive property. In other words, if 10 volumes of an oil of 
specific gravity 0.8 is mixed with 10 volumes of an oil of specific 
gravity 0.9, the resultant 20 volumes must have a gravity of 
0.85, if the specific gravity is an additive property. Most 
properties are not additive. As an examph', if two equal vi)lumes 
** of oil having different viscosities are mixed together, the resultant 
oil has a lower viscosity than the arithmetic (or integral) av'^rage 
would indicate (see blending charts. Figs. 44, 45, and 40, Chap. 
VIII). Although specific gravity is additive, the A.IM. gravity 
is not additive because it is not a direct function of specific? 
gravity. 

The boiling-point is not an additive property because the 
vapor-pressures of the compounds determim? the boiling-point 
«curve and vapor-pressure is not a direct function of temperature 
and is not additive (see Fig. 52, page 131) unless a mol basis 
is used. 

Property Curves. —The most important curves for engiiK^ering 
evaluation purposes are the true-boiling-point distillation curve 
(see Chap. \T), the gravity mid per cent curve?, the viscosity 
mid per cent curves at lOO and 21()°F., the* viscosity yield curve, 
and the flash-vaporization curve. The mid ])er cent curves 
are so named l)c?cause the^^ are curves that can usualhj be inte¬ 
grally averaged by merc'ly noting the mid p(?r C(?nt point between 
^the limits of a fraction. However, if a sharp curvature exists 
at the ends of the curves, the fractions containing the curvature 
must be integrally averaged. Other properties, such as the 
flash- and fire-points and the carbon r(?sidue, are sometimes 
plotted as mid per c(?nt curves, but they an? not usually necessary. 
Figure 23 is an analysis of a paraffin-base crude oil showing 
these curves. These curves are dependable only when they are 
"Obtained from well-separated fractions such as those from a 
irue-boiling-point distillation. 
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Gravity Mid Per Cent Curve. —This curve is obtained by 
plotting the gravities of the fractions of oil as shown in Fig. 27. 
The graviti(‘s of the fractions are plotted as a scries of horizontal 
lines, and the curve is drawn by balancing the triangular areas 
against onv- anotluir. Throughout its middle, the curve usually 
passes dire(*tly through th(i mid per cent point of each of the 
fractions h(‘cause the pioperty increases evenly, but at the ends 
the triangular ar(‘as must be l)alanc(ul. Any point on the curve 
is the mid-i)oint for any width of fraction except when the limits 
of tin' fraction include a sliarply sloping portion of the curve. 

Viscosity Mid Per Cent Curves. Thesc^ curves are obtained 
by ])lotting th(‘ viscosity of (‘ach fraction at tlie mid per C(‘nt 
point of the fraction. 44ie triangular areas need not be balanced 
against on(‘ anotluvr as in the case of the specific-gravity mid 
per (‘(‘lit cui*v(‘. d’here is no th(‘oretical l)ackground for the use 
(}f llu‘S(‘ curv(\s in this inaniuT, Init tlu^ results are accurate. 
Aitpanailly t he (‘ff(‘ct of th(‘ sharp curvature' of these curves and 
the fact that viscosity is not an additives ])ro}.)('rty counter¬ 
balance' (‘ach oth('r. llegardk'ss of n'asons, thc' curve' may be 
use'd i)y ne)ling tlu' visce)sity at the' mid-point of the' fraction. 
As an example', t he* following four (or more') fractiems, each having 
a vise*e)sity e)f 215 at lOO^F., can be' obtaiiu'd from the oil shown- 
in Fig. 22. 

1. A 5 poT fraction from 67.5 to 72.5 per c(‘nt. 

2. 10 p(*r <M‘iit fi’Mction from 65 to 75 |)(*r cent . 

a. \ 15 per c(‘nt fraction from 62.5 to 77,5 per cent. 

4. A 20 per c(*nt fraction from 60 to SO i)er cent. 

Since the cur\'es slojx' st(‘e'})ly at higher j)e‘rcentages (88 to 92 
per ('('lit on curve' 4, ]^4g. 22), the'y e'annot be accuratedy read, 
and hene'e the A'ise‘e)sity e)f t he' residual product slioulei be e)btain(Hl 
from the' viscosity yie'ld curve'. 

Beiswenger and Child^'* by correlation with plant results have 
found that the pre'ssability of a wax distillate' may be estimated 
from tlie viscosity mid pe'r ce'nt curve' at 1()0°F. If the upper 
e'lid of a wax distillate' (from a Mid-Contine'nt crude oil) doe's not 
exce'ed a boiling-])e)int of about 870°F. and the a iscosity of the 
last drop is not en er tiOO at 100°F., the distillate Avill be jjressable'. 
With paraffin-l)ase oils the cut-point may l>e somewhat higher. 

True Boiling Crude .Viialysis, Bctroleuiu Div., Am. Clvenn. Soc., Atlanta 
Meeting (not for puhlication). 
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Viscosity Yield Curve,^ —This curve shows the total percentage 
of residual or bottom product of a given viscosity that can be 
produced. Since residual products are usually viscous, th(‘ 
^viscosity yield curve is determined at 21()°F. The curve indi¬ 
cates the integral-average viscosity of any of tlu' many possible 
l)ottom products. The curve can be obtained l)y sampling 
the residue remaining in the flask, as ^’arious jx'rcentages of 
product have been collected as distillate, and detia'inining the 
viscosit ies of these samph^s of l)ottom. IIow(‘^’(‘r, sucli a method 
is awkward, and a simpka- and sufficiently exact iiK'thod is to 
blend thi} final bottom product (such as fi*aclion 11), Fig. 27) with 
tlie last fractions that have been collect(‘d as distillate', to make 
^ other l)ottom ])roducts. Tin's is not ])()ssil)l(' if de'composition 
has occurn'd during distillation. In order to hav(' ('iiough oil 
for the compounding of several bottom jvrodiicts, th(‘ final 
l)ottom and the fractions are' bkauk'd in alieiiiot j^arts rathei’ than 
l)y using all of ('ach fraction. 

Example 6. Construction of Viscosity Yield Curve. This nu't hod applies 
in general to all yield curve's. 

(\)nsider 19 fractions of oil ol)tained hy a fractionating typ(‘ of distilla¬ 
tion. ddie i)roperti(\s such as gravity and viscosity of the fractions ha.v(^ 
^already been recordc'd so that the fractions can lx? us(‘d in the following 
blends. J'ractions 1 to 18 iin'lusive consist of 100 cc. (*ach, and t lx* last or 
l)ottoTn fraction (not distilled) amounts to 200 cc. d'lx; frac'tions can lx? 
blend('d in aliquot i)jirts to makt' sc'veral bottom products as follows: 


Per cent 
residue 
or bottom 

Hlend of fractions 

Toted 

(jiiantily of 
blend, cc. 

10 

No. 19, 75 cc. 

75 

20 

No. 19, 40 cc..; No. IS and 17, 20 cc. each 

80 

30 

No. 19, 30 cc.; No. 18, 17, ie>, and 15, 15 cc. each 

<K) 

45 

No. 19, 20 cc.; No. IS to 12 inch, 10 cc. (‘ach 

IK) 

00 

No. 19, 14 cc,.; No. 18 to 9 inch, 7 cc. each 

8-1 


d'he viscosity of each blend is d(*t<?rmim?d, and the four blends, along wdth 
fraction 19, constitute five ]>oints on the viscosity yield curve; also refer to 
Tal:)le 7, page 89. 


The viscosity yield curve would not be necessary if accurate 
/viscosity mid |)er cent curves could l)e obtained for the entire 
percentage range of the sample. These curve's cannot externd 
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entirely to the end of most samples because the distillation 
cannot be conducted to a flask temperature higher than 680°F. 
Even at low pressures such a temperature does not vaporize the 
heavy lubricating oil stocks. Furthermore, the mid per cent 
curves slope so sharply at the higher percentages that they cannot 
be acjcurately pIott(?d. The viscosity yield curve is used only in 
the determination of the quantity of bottom product. 

The several property curves tend to be confusing when plotted 
on a single sh(‘et, of paper (Fig. 22). For this reason the meaning 
of the p(jrc(‘nt ag(‘ scale has been changed in plotting the viscosity 
yi(id curv(‘. Normally the percentage scal(‘ denotes the total 
percerit age of mat(‘rial that has been distilled, but for the viscosity 
yicid curv(; the scale denot(*s the percentage of l)ottom product. 

()ft(‘n the stock contains black asphaltic mat(‘rial and is 
unsuitabl(> as a lubricating oil stock be(‘aus(^ th(» removal of 
asphalt by tnaiting or filtering is costly. Such stocks are 
evaluai(‘d by condiK'ting a vacuum-flash vaporization which 
leavers a residin' of solid tar. The overhead distillate is then 
analyzed in the triK'-lioiling-point column, and the property 
curves are drawn for tliis h('art-cut material (sei' page 91). 

The Flash-vaporization Curve - This curve has been dis¬ 
cussed in (liaj). VI. A method for drawing the curve empirically 
is jiresemted in Chap. XIV, but the curve is so important that it 
should be determined ('xj)erimentally. In a sense, the flash- 
vai)orization curve is a yield (nirve and is often called the flash 
yield curve. Tlu' curve' is always given at 7()0 mm. pressure 
unless the pi’cssun* is s])(‘cific,ally stated as otherwise. A point 
on th(^ cur^’e r(‘|)r(‘sents tlu' ti'inperature at which a given amount 
can l)e vaporizc'd or distilk'd if the va])or and remaining liquid 
are ki'pt in (‘(luililirium with each other until the final high 
temperature is attained. 

A.S.T.M. End-point of Distillates. —The A.S.T.M. end-point 
is an imj)ortant specification of such distillates as gasoline and 
kerosene. What is the relation of the A.S.T.AI. end-point to 
the cut-point by a triu‘-l)oiling-point distillation? No all- 
comprelu'usive relation exists because of the wide variety of 
different petroleum stocks. Nevertheless, Fig. 28 is an approxi¬ 
mation that will hold in most cases, '^fhe true-boiling-point 
cut-point is obtained by adding a correction, in degrees P'ahren- 
heit, to the A.S.T.M. end-point. The four curves are for 
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different initial boiling-points. This relationship should be 
determined for each distillation equipment because it may vary 
depending upon the design and method of operation. 



Fig. 28.—Correlation of A.S.T.M. end-point and tnie-boiling-point cut-point. 

Example 6. A.S.T.M. End-point and T.B.P. Cut-point.—It is desired 
to determine the cut-point on u true-1 )oilirig-point analysis curve that will 
give a product having an A.S/J\M. end-point of 437'’F. At an end-point of 
437 (curve 1, Fig. 28) the irue-boiling-point cut-iioint is 21° higher than the 
A.S.T.M. end-point. The cut-point is 437 plus 21, or 4r)8°F. The following 
tabulation indicates approximate end-points as well as cut*points for other 
distillates: 


Material 

Initial 

boiling- 

point 

Knd- 

point 

Correc¬ 

tion 

True- 

boiling 

cut-poiiit 

Curve 

Gasoline.. 

Les.s than 200 

437 

21 

458 

1 

Gasoline. 

Less than 200 

390 

18 

408 

1 

Naphtha. 

3.00 

460 

21 

481 

2 

i^Jverosene.. 

450 

530 

26 

656 

3 

iDistillate. 

i 

500 

590 

16 

606 1 

4 
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Evaluation of Stocks. —The property curves that have been 
discussed heretofore are of general usefulness. In the following 
pages the ncicessary laboratory procedure, the construction of 
the curves, and the evaluations of several stocks will be discussed. 

Th(! evaluation of a paraffm-haae criule oil is particularly' 
simple because the oil contains no asphalt. Only a true-boiling- 
point distillation, conducted at first at atmospheric pressure and 
later at a low pressure, is necessary. Of course, the fractions 
from the distillation must be examined by routine tests. Table 



Fi<i. 29.—Evaluation curves from Table 7. 

7 is a log sheet of the data obtaiiK'd in the analysis of a typical 
paraffin-base crude oil. Figure 29 is a graphical pi*esentation. 
of the data tabulated in Table 7. The vapor-temperature or 
true-boiling-point curve was plotted directly from the data. 
The gravity cur\"e was drawn by plotting the specific gravity of 
each fraction as a horizontal line throughout the limits of the 
fraction and tlien drawing the curve by balancing the triangular 
areas against one another. The highest gravity, extending 
through 90 to 100 per cent, is the gravity of the residue. The 
viscosity mid per cent ciu*ves were drawn by plotting the viscosity 
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Tabub 7.—Tbub-boiling-point Analysis 

Hample-—-Job No_ 

Froni_--- Sample No_ 


Quantity of Change—SOOOcc @ 60® F. A. P. I. -43. 
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of each of the fractions at the mid per cent points of the fractions. 
The highest viscosity on the 210°F. curve is the viscosity of the 
bottom. The viscosity yield curve was plotted directly from 
the blend data given in Table 7 with the final bottom from the 
distillation as the 10 per cent bottom product. 


Example 7. Evaluation of ParafRn-base Crude Oil. —The following 
Bets of yields of raw stocks can be computed from the property curves of 
Fig. 29: 


Rfiw stocks 

'■ 

Per centi 

Sp. Rr. i 

A.P.I. 

Notes 

Break-up 1: 

(1) 409 E.P. gasoline.. 

38.3 

0.753 

66.4 

430“F. cut-point 

(2) 42 A.P.I. kerosene. 

23.4 

0.815 

42 

Mid-point 50 per cent ' 

(3) 85 Vise, at HK) wax 
dLstilUitt!*. 

26.0 

0.859 

33.2 

Mid-point 74.7 

(4) 1.50 Vise, at 210cyl. 
stock. 

12.3 

0.892 

27.1 

Vise, yield curve 

Break-up 2: 

(1) 391 10.P. gasoline.. 

36.0 

0.751 

56.9 

410°F. cut-point 

(2) 450 Fi.P. naphtha. 

5.8 

0.795 

46.3 

458®F. cut-point 

(3) Gas oil (by dilTor- 
cnce). 

42.2 

0.837 

37.4 

Mid-point 62.9 per cent 

(4) 120 Vise, at 210 
cyl. stock. 

16.0 

0.89 

27.5 

Vise, yield curve 


♦ Will not 1)0 ii proMHuble stock unless some of the heavy material is removed. 


In obtaining bn^ak-up 1 the percentage of 409"’F. end-point gasoline 
was obtained liy referring to Fig. 28 wliich indicates that the true-boiling- 
point cut-point is 2rT\ higher than the A.S.T.M. end-point. The 42 A.P.I. 
kerosene was (^valuati;d by noting that the mid per cent point of 0.815 
(or 42 .V.IM.) gravity occurs at 50 per cent on the distillation curve. Since 
the kerosene starts at 38.3 per cent, the end-point must be at 61.7 and the 
total yield is 23.4 per cent. The cylinder stock of 12.3 per cent was obtained 
directly from tlic viscosity yield curve. Twenty-sLx per cent of material 
remains, and thi.s material is the wax distillate. The gravities of the gasoline' 
and cylinder stock were obtained by integral-averaging, but the other gravi¬ 
ties were obtained by noting the gravity at the mid per cent points of the cut 
or at 50 per cent and at 74.7 per cent respectively. The mid per cent vis¬ 
cosity at 74.7 per cent is 85 sec. at 100®F. 

Evaluation of Dark-colored Stocks for Lubricants. —The 

evaluation of stocks that contain asphalt demands a more 
elaborate laboratory procedure. Such a stock must be subjected 
to preliminary distillations. The stock is first reduced by a 
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steam distillation at atmospheric pressure to approximately 
26 A.P.I. (Fig. 30). The removal of gasoline and kerosene is 



Fig. 30.—Laboratory procoMsing scheme for evaluating heavy lubricating oil 

stocks. 



01_L_J_^^_ [Z _J__ L i 

0 10 ZO 30 40 bO 60 70 8 0 90 100 

Percen+oicje Distilled 

Fig. 31. —Curves for evaluating a dark-colored stock for lubricants. 


necessary because these materials cannot be condensed in 
Ithe subsequent vacuum-flash distillation that is necessary for 
the removal of tar. The reduced crude is then flashed under 
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vacuum, distilling a clear lubricating oil stock and leaving solid 
t ar. The lubricating oil stock can then be evaluated in the true- 
boiling-point apparatus. A true-boiling-point analysis of the 
crude oil is also luicessary if the light st ocks are to be evaluated. ^ 
The curvH^s for such a laborator}^ procedure are given in Figs. 
31 and 32. The viscosity yield curve is plotted separately 
(Fig. 32) because it was obtained for the heart-cut lubricating 
oil stock which does not contain the 8.2 per cent of tar. This 
viscosity yield curv(‘ (Fig. 32) is not generally useful because 
t he plant must opc'ratc' making exactly 8.2 per cent of tar bottoms 
or th(' yields will inaccurate. 



Dependability of Evaluation.- —As an indication of tlie depend¬ 
ability of such laboratory data, consider some yields obtained 
from the crude oil shown in Figs. 31 and 32. Actual yields 
w(‘re 39.5 p(*r cent of 09 viscosity at 100 wax distillate, 0.8654 
gravity; and 10.5 per cent of 146 viscosity at 210 cylinder stock, 
0.923 gravity. Computed from the curves, these yields are 
40.2 p(‘r cent and 10.7 per cent respectively. Numerous other 
data are available, and with few exceptions the yields by thc^se 
evaluation methods are as dependable as the foregoing. 

The preceding method of evaluation is conducted with a 
minimum of decompc^sition, and hence the yields are the maxi¬ 
mum that may be expected. If the designer expects to get such 
yields in a commercial plant, the plant must be properly designc'd 





THE EVALUATION OF OIL STOCKS 


93 


and operated. Many poorly designed or carelessly operated 
plants fail to give the maximum yields, but other plants produce 
even larger yields than indicated by the evaluation.'^ 

Many refiners are obtaining much smaller yields than those 
^ found in the preceding examples. Nevertheless, these are typical 
yields if the plant processing is conducted properly.'^ The 
destruction of lubricants by shellstill distillation is a common 
occurrence. 

Evaluation of Other Stocks. —Most clean stocks can be 
evaluated by the same procedure as that outlined for paraffin- 
base crude oil. Stocks that can be evaluated in this manner are: 


1. Light-colored crude oils. 
' 2. Pressed distillate. 

3. Wax distillate. 

4. Brightstock. 


5. Light-colored cylinder stocks. 

6. Heart-cut lubricating oil stocks. 

7. Distillates from cracking, etc. 

8. Reduced crude oil for asphalt. 


The viscosity curves are of little interest unless lubricating oils 
are to be manufactured. 

In evaluating stocks for the asplialt contained in them, the 
same general procedure (*an be used but other curves are of inter¬ 
est. The most useful curves are the (1) specific-gravity mid 
v])er cent curve, (2) penetration yi(dd curve, and (3) float-test 
yi(dd curve. The final residue and the last fractions are blended, 
in determining the two yield curves. 

In ord(U’ to leave a solid rc'sidue, a very higli vapor-tempciratiii-e 
(about 12()0°F., convc'rted to atmospheric piessure) may b(^ 
necessary. This pr(‘cludes the use of tlie t!‘U(vl)()iling-poiiit 
type of distillation because of the big differenc^e l)etwe(‘n th(‘ 
still- and vapor-tcnnperature. A Hempel type of distillation is 
geiKually used, but even with this type of distillation the liquid 
t(‘inperature usually reaches about 750°F. and some decomposi- 

’ ^ The author ha.s seen a modern vacuum plant produce 18 per cent of 200 
viscosity at 210“F. brightstock, whereas only 10 per cent was previously 
manufactured by residual methods. This yield was 0.5 per cent more than 
indicated by the analysis. 

A Pennsylvania refiner was producing 22 per cent of a 220 viscosity at 
100 viscous neutral oil from a j)ressed distillate by shellstill operation. The 
same stock yielded 45.5 per cent of the same neutral oil when processed in 
‘.a steam atmospheric pipestill unit. The increase in yield came largely 
Ifrom the two other stocks that were being produced, so that doubtless a 
serious amount of decomposition had beejn occurring in the shellstill. 
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tion occurs. If the material is not held at the high temperature 
for too long a time, little harm results. 

Treating and Dewaxing. —These operations are always 
troublesome. Most refinery laboratories have conducted hun¬ 
dreds of laboratory treats, but with f(‘W exceptions they do not 
ch(‘(’k with plant operations. The treating of light distillates, 
such as pr(*ssur(‘-still distillate and kerosene, is most successful, 
but even in th(‘se the color seldom checks with the color of the 
plant product and the loss(‘s in the laboratory are large. In 
the acid tr<‘ating of lubricating oil stocks the results are even less 
satisfactory. lTow('V(‘r, by conducting a large number of treats 
over a pc*i*iod of years, it is possible to say whether or not a stock 
can be succi‘ssfully tr(‘at(‘(l in the plant, evcm though the labora¬ 
tory and j)lant I’esults do not clieck. Difficulty arises because the 
treating ojxTation (‘annot be controlh'd and because the sludge 
cannot b(^ profK‘rly s(*paiat(‘d. Usually the engineer can obtain 
satisfactory evaluations of the yields of raw stocks, but he must 
d(‘P('nd, to a large extent, upon jdant op(‘rations for the losses 
during })rocessing and for the color and properties of the finished 
products. 

Light oils, such as gasoline and pressure distillate, are usually 
treated in tin* laboratory by placing the sample in a bottle or 
jug and agitating it with sulfuric acid for 10 to 20 min. The 
sludge is allowed to settle for several hours and is s('parated 
by decantation or by means of a separatory funnel. The settling 
time is sonu'times shortened by centrifuging the ^^sour^^ oil for 
2 or 3 min. at a sp(»(‘d of 1,500 r.p.m. The oil is them neutralized 
with caustic soda and washed with water. Treated pressure 
distillat(‘ must be distilh’d with st(‘am or in a vacuum. The 
temp(‘rature is not allowed to exceed about 225®F. during the 
distillation. If many treats are conducted, special glasw or iron 
stills may be built. These are usually of the batch type. An 
e(]uipmenl for n'distillation is discuss(‘d by Dailey, Meier, and 
Shaffer,*® and a com])arisou of laboratory and plant results is 
giv<‘n. A continuous-treating apparatus for light distillates is 
descril)(‘d by Zublin.** 

(kirrolftte ]*lant aiul Ijaboratory Procedures for Distilling Acid Treated 
Cracked Naphtha, Oil Gas J., May 3, 1934, p. 11. 

(Continuous Treating of Oils in the Laboratory, Oil Gas J., November, 
1932. 
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The laboratory treatment of lubricating oil stocks cannot 
be so easily systematized. However, Weir, Houghton, and 
Majewski^® have developed a standard method of treating 
lubricating oil stocks. The oil is measured directly into a 100-cc. 
yentrifuge tube, and acid is added from a small graduated pipette. 
The tube is stoppered and shaken either by hand or in a mechani¬ 
cal shaking device. The shaker can be placed in a heated cabinet 
if the treating is to be conducted at a high temperature. The 
time for shaking ranges from 10 min. for diluted samples to 40 
or 60 min. for viscous oils. Next the sludge and “pepper^^ 
sludge are removed by centrifuging tlu' tube for about one hour 
at 1,500 r.p.m. The sour oil is then neutralized vdth ammonia 
gas, caustic soda, or contact clay. 

Most laboratories finish their lubricating oils hy contact 
tieatment with fuller’s earth. Contacting is usually conducted 
on oils that have been treateni with acid or ^Sacid-stage” oils. 
About 10 per cent by weight-, or less, of 200-mesh fuller’s earth is 
mixed with tlie oil and heate<i to 450°F. for about 10 min. For 
neutral oils a temperature of 300® may be used. The mixture 
is agitated witli st(‘am or by a shaking device, and better color 
is obtained if tlu' surface of the oil is prot('ct(‘d from the air by a 
blanket of steam or inert gas. The clay is then filtered from the 
oil, while' hot, by means of a Buchner funnel connected to a 
vacuum system. 

Lubricating oil sto('ks are frequently diluted to allow more 
intimate mixing, to facilitate settling of the sludge, and to hasten 
filtration of the contacted oil. The material, usually naphtha, 
that is used as a diluent must be removed by distillation. Steam 
or a vacuum may be us(?d, and the temperature should be kept 
as low as possible. 

The dewaxing of oil in the laboratory is also a troublesome 
operation. A common method is to dilute the oil (about 3 to 1) 
and chill it in packed ice and salt to about- 30® l)elow the desired 
pour-point. About 1 oz. of filter-aid per 100 cc. of oil is added, 
and the mixture is filtered through a Biichner funnel provided 
with an ice-packed jacket and a cover. A vacuum is applied 
to the filter. A convenient method of chilling the oil is to use 
an ice-cream freezer. Filter leaves are also widely used. These 

Control of Color of Petroleum Oils by Acid Treating, Ref. Nat, Ga$o. 

December, 1930, p. 89. 
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aro constructed of very fine-mesh monel-metal screen and con¬ 
nected to a receiver and vacuum pump. Laboratory methods 
of dewaxing are troublesome because filtration occurs so slowly, 
V)ecaus(* a low t('mp('ratur(‘ is hard to maintain, and Lx'cause a 
low pour-point is difficult to obtain. / 

Davis and Caniplu^ll’® have developed a systematic method of 
studying wax distillate in the lalxjratory to determine its pressing 
charact(‘ristics. Th(‘ (‘xainination consists of a \'acuuni distilla¬ 
tion at 40 mm. pr(‘s.sur(‘, a determination of th(‘ viscosity at 
I00°F., and an (‘xamination of the crystal formation with a 
microscope. Their data indicate that material boiling up to 
about 65()°F. at 40 nun. pr(‘ssure ean be succ(\ssfully incorporated 
in a wax-stock. This corres]X)nds to a temjx'rature of about 
885®F. at 700 mm. pressun^ T}i(*y mad(‘ a coinjilete study of 
a wax distillate by analyzing it in a tru(‘-boiling-point column 
and examining the wax fractions and lilends of them. 

Evaluation of Cracking-stocks. Xo truly satisfactory method 
of estimating tin' yield of cracked gasolim^ that can be produced 
from a stock has l)('(‘n d(‘v<4op(‘d. In commercial ojxTation th(* 
stock is partially crack(*d, and tlu* recycle stock from it is cracked 
over and over again until all of the mat(‘rial is d('composed into 
gas, tar, and crack('d gasoline. This cycl(‘ cannot be easily 
duplicated in the laboratory (‘xcept by the use of a rc'plica plant 
or semi-plant scale (‘(luipment. Gary and Ward’^ describe such 
an equipmcMit. Ho\N(‘V(‘r, thi' cost of a n'plica plant is so gre^at 
that its u.s(‘fuln('ss is gi'inaally limiti^d to n'search ^^orl^ and the 
design of ne\\ cracking ])lants. 

For mild (’racking opc'rations, such as viscosity-breaking tests 
or cracking for lowering the pour-point of fiu’l oils, bomb equip¬ 
ments are satisfactory. The common jirocedure is to heat the 
oil in a pn’ssun’-bomb to 820 to 8(>0°F. for 10 to 30 min. The 
pressuH' rise’s as the oil is he’ated; and when the pressure reaches 
200 lb. per scpiare inch, a relief valve is op(*ned a little so that th(’ 
gas and some distillate can escape through a condenser. After 
cracking is complete, the distillate is redistilled and the material 
that is not in th(' boiling-range of gasoline is mixed with the 
crackl’d stock that remains in the bomb. 

Laboratorj" Control of the Quality of Paraffin Distillate, Oil Gas 
May 25, 1933, p. 49. 

A Modern Experimental Oackiiig Unit, Ref. Nat. Gaso. Mfr., June, 
1933, p. 212. 
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Huntington and Brown^* have devised a bomb equipment by 
which dependable results can be obtained. The charge stock is 
introduced into a bomb that is already hot; and after the reaction 
is sufficiently complete, the residue can be quickly dumped by 


^releasing the pressure and by displacement with molten solder. 
'"During the reaction the volume occupied by the stock can be 
accurately measured. 


Corrosiveness of Stocks. —In addition to chemical methods of 
aJiaylzing the brine that is often associated with crude oil, Davis, 
Jones, and Neilson^® have perfected methods for liberating 
hydrochloric acid and hydrogen sulfide from crude; oil by distilla¬ 
tions that simulate to some extent the heating of oil stocks in 
commercial equipment. The method for detc'rmining hydro¬ 
chloric acid consists essentially of a steam distillation and an 
analysis of tlu; gas and condensed water-solution foi acid. 
Hydrogen sulfidc' is detcrmin(;d in a similar manner except that 
tlu; steam distillation is conducted in the presence of caustic 
potash. 

Methods-^*21 determining the salt content of crude oil have 
been dc^veloped after the m(^thod of R. R. Mathews ,22 which 
consists e^ssentially in disvsolving the brine from the oil into 
-jicetone and titrating with silver nitrate using a chromate 
indicator. Other methods are outlined by R. E. Puckott2® and 
by Davis, Jones, and Neilson.^® 
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CHAPTER VIII 


PHYSICAL PROPERTIES OF PETROLEUM OIL 

The discussion in Chap. IV indicated that p(>troleum and 
petroleum products are complex materials. At present the 
chemical and physical laws that govern the behavior of mixtures 
of hydrocarbons are not adecjuate for most calculations, and 
hence tlie engin(^er must base many of his computations on the 
averages physical projx'rties of p(‘troleum oil cuts. It has often 
been necessary to resort to empiri(*al eciuat ions of t hes(‘ properties 
for ease in cornOat ion and to })ermit extrapolation to conditions 
for which data an‘ lacking. » 

Specific Heat. —Th(‘ specific heat of a material is defined as the 
quantity of heat rcHiuired to raise th(^ temperature of a unit 
weight of material tlirough a tempea-ature difference of on(ul(5gree. 
Universally the oil industry uses the JOnglish systcmi in which the 
specific heat, is dc'fiiu'd as the number of British tliermal units 
(B.t.u.) required to I’aise the temperature of 1 lb. of oil J^'F. and 
is expressed as B.t.u. ixm- pound per d(‘gre(‘ Falireiiheii. 

The specific heat incn'ases with temperature but usually not 
as a linear function of temperaturi'. Howe\H‘r, tlie specific heat 
of petroleum oils, by the information now availalile, is a linear 
function. Tlie siiecific heat also depcaids upon the gravity of the 
oil so that it is a function of both temperature and gravity. 

Figure 33 is a chart of the specific heats of Mid-Continent 
petroleum oils. Tlu* data of Fortsch and Whitman^ and of 
Weir and Eaton- w(‘re used. The two sets of data do not agree 
exactly, but an averagi' was used in constructing Fig. 33. The 
curves for 70 and 10 A.P.I. material are not so exact as the other 
curves because not many oils of these gravities were studied. 
The critical line indicated in Fig. 33 is not exact because the 
critical temperature is governed more by the boiling-range than 

^ Specific Heats of Oils, Ind. Eng. Chem.y 18, 795 (1926). 

* Heat Content of Petroleum Oil Fractions at Elevated Temperatures, 
Ind. Eng. Chrm.y 24, 210 (1932). 
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Temperature, Degrees Fahrenheit 


Flu. 34.—Spocifii- heat of Mid-Coiitincii(, oil vapors. 
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by the gravity. Nevertheless, it is included in the figure as a 
warning that liquids cannot exist above the critical point. 

Example 8. Heat Required to Raise the Temperature of Oil. —How 

much heat is required to raise the temperature of 1,000 lb. of a 40 A.P.I, 
mixed-base oil from 100 to GOO'^F.? 

Specific heat at 100 = 0.48 
Specific heat at 600 = 0.775 
1.255 
1 255 

Average specific heat from 100 to 600 = ' ^~ 0.627 

Also note the specific heat at .350 = 0.627 

1,000 (600 - 100) 0.627 = 313,500 B.t.u. 

The data of Bahlkc and Ka 3 ^^ for petroleum vapors from Mid-^ 
Continent oils are present (‘d in Fig. 34. Data on vapors are not 
extensive, but specific heats can l)e obtained from Weir and 
Eaton^s^ data. From their data the specific heats arc slightly 
higher than those shown in Fig. 34, but they check remarkably 
well. The specific heats of gases are taki^n from the excellent 
summary of the properties of oils presented b}^ l^]gloff, Nelson, 
Watson, et al.^ before the World IVtroleiim Congress in 1936. 

The characterization factor'^ found to Ix' so useful in catalogu¬ 
ing crude oils (Chap. \TI) is of even greater value in accounting 
for the degree of paraffinicity of individual fractions. 



s 


where K = U.O.P. characterization factor. 

Tb = average boiling point, deg. R. = deg. F. + 460. 
s = specific gravity at 60°F. 

The factor has been useful in correlating many properties, among 
which are hydrogen content, aniline point, thermal expansion.' 
and Viscosity Index, as well as the relationships that are employed 
in this chapter. Correction factors^ for the effect of base of oil 
on specific heat are included on Figs. 33 and 34. 

Characterization Factor. —In addition to the relation of this 
factor to the cube root of the boiling-point, its relation to gravity, 
molecular weight, critical temperature, and viscosity is found to 

» Ind, Eng. Chem., 21, 942 (1929). 

* The Modem Cracking Process, Oil Gas J., July 2, 1936, p. 34. 
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be particularly useful because it permits a joint comparison of all 
properties. The relation^ among these several variables is given 
in Figs. 35 and 36. The use of the 50 per cent boiling-point 
rather than the molal average boiling-point is not entirely 
accurate, but for most design work it is adequate. ^ Furthermore, 



Fkj. 35.—Molecular weights, critical temperatures, and characterization 
factors of petroleum fractions related to characterization factor. {Courtesy of 
Oil and Gas Journal.) 

the distillation curve for high-boiling materials is s(^ldom available 
or complete, and hence the 50 per cent boiling-point will be used. 

Example 9. Use of Characterization Factor Relationships. —An oil that 
has an average boiling-point of 500°F. and a gravity of 31.5 A.P.I. will have, 
according to Fig. 35, a characterization factor of about 11,35 and would be 
classed as a Gulf Coast stock. Other data are: 
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Molecular weight. 202 (Fig. 36) 

Critical temperature. 854°F. (Fig. 35) 

Viscosity (centistokes). 1.1 (Fig. 36) 

It should hv. noted that if the values of any two of the properties mentioned 
arc known, the values of the other properties can be determined. 

Latent Heat. —"rh(‘ hc^at of vaporization, commonly referred to 
as the latfint heat, is usually defined as the B.t.u. required to 
vaporize 1 lb. of a li(iuid at its atmospheric boiling-point. If 



Flo. 36.—Relation of viseosiiy to characteriziitiou factor. (Courtesy of Oil anil 

Gas JounmI.) 


vaporization takes place at another pressure (or temperature), 
the latent heat should be specified such. The latent heat 
varies with the temperature (or pressure) at which vaporization 
occurs and with the type of hydrocarbon. 

The latent heats^ at atmospheric pressure for petroleum frac¬ 
tions are given in Fig. 37 as a function of boiling-point and 
molecular w'eight or characterization factor. At other pressures 
(and temperatures) the data on latent heat are not extensive, and 












Latenl- Heat of Vaporization Rt.iJ.Ai>. 
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37.—Latent heat of vaporization of petroleum fractions at atmospheric 
boiling-point. {Courtesy of Oil ami Gas Journal.) 
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Fkj. 38.—Temperature correction to heat of vaporization. {Courtesy of Oil and 

Gas Journal.) 
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hence a general method such as that outlined by Watson® must 
be employed. The latent heat at any temperature is described 
in terms of the latent heat at the normal boiling-point, as follows: 

L = (3) 

i B 


where L = heat of vaporization at absolute temperature T, 

Lb = heat of vaporization at absolute normal boiling-point 
Tb, 

7 == a factor obtained from Fig. 38. 

The reduced ttunperature term used in Fig. 38 is explained on 
page 111 of this chapter. 

The latent heat decreases with temperature until it has a 
value of zero at the critical temperature. Furthermore, the 
critical temperatures of high A.l^.I. materials are lower than for 
low A.P.I. materials, and henca^ the latent-lieat curves, when 
plotted as furuitions of gravity and temperature, should cross 
one another at some point. 


Example 10. Latent Heat. —A niixcHl-baso, luirrow boiling-range fraction 
has a gravity of 35 A.P.I. The latent heat of tl»is fraction at atmospheric 
pressure and also at 5(X)''F. is desired. 

A mixed-base stock will have a characterization factor of about 11.9 
(see page 77). The following propertie.s were read from F'ig. 35. 


Atmospheric boiling-point. 580°F. (1040°R.) 

Molecular weight. 255 

Critical temperature. 900®F. (1360®R.) 

From these data, the latent heat at atmospheric pressure is found to be 
about 88 by referenc.e to Fig. 37. 

In order to estimate the latent heat at 500°F., additional factors must be 
s^ down; 

0.765 


Tc 


Th = 


1040 

1366 

T 


500 + 460 


- 0.706 


Tc 1360 
7 from Fig. 38 = about 1.16 


The latent heat at 500°F. from Eq. (3) is 

L - 1.16 X 88 X ^^Ho40 = 94 

The average boiling-point of mixtures is defined with difficulty. 
An arithmetic average, from the distillation curve, does not 
*The Prediction of Critical Temperatures and Heats of Vaporization, 
Ind. Eng. Chem., 28 » 360 (1931). 
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completely describe the vaporization properties because the 
vapor-pressure is not directly proportional to temperature. A 
logical average boiling-point is the 100 per cent point on the 
flash-vaporization curve because the material cannot be com¬ 
pletely vaporized at any lower temperature. For batch distilla¬ 
tion the arithmetic average temperature should be used for 
computing the latent heat, but for continuous distillation, as in 
a pipestill, .the 100 per cent point on the flash-vaporization curve 
should be used. The temperature at the 100 per cent point on 
the flash-vaporization curve is approximately the same as the 
temperature at the 70 per cent point of the material on the 
true-boiling-point curve. For some other purposes, such as 
estimating the molecular weight, gravity, or viscosity, the 50 
])('!• cent boiling-point should be used. 

The heat of fusion of paraffin wax as reported by ''/arious 
experimenters ranges from 63 to 78.5 B.t.u. per pound, and 
perhaps the best data indicate 72.5. 

Effect of Pressure on Heat Content. —A relatively simple 
method of correcting the heat content, or enthalpy, of gases or 
vapors for the effect of pressure is also proposed by Watson and 
Nelson.'* The enthalpy or total heat at atmospheric pressure 
may be computc^d, then a correction factor from Fig. 39 is applied. 
71ie correction (A//) applies for vapoi*s heated through the tem¬ 
perature range of 60°F. to temperature T, The symbol A// 
refers to the correction in B.t.u. per pound; T refers to tempera¬ 
tures in degrees Fahrenheit absolute; and M refers to molecular 
weight. 

Total heats at atmospheric pressure can be computed by 
determining the heat required to heat a pound of liquid to its 
atmospheric boiling-point, vaporizing the liquid at atmospheric 
])ressure, and heating the vapor to the final high temperature 
using the specific h(^ats for vapors. The errors in such a compu¬ 
tation are usually negligible; but if the pressure differs greatly 
from atmospheric pressure, a correction should be made using 
Fig. 39 as outlined in p]xample 11. 

Various total heat equations and charts have been proposed; 
but until more complete data are available, their accuracy will 
be in question. In special instance's the preparation of enthalpy 
charts by the use of Fig. 39-may be justified. The effect of 
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pressure on the specific heat of liquids is negligible except at 
temperatures close to the critical-point. 



-1 I_1_L..U-l.l.ill_^_L..1 .U- r ,!.U_1 6ior;3 L.lJ. MM 

ai . 1.0 10 100 

Reduced Pressure 

Fig. 30. --Correction of total heat content (enthalpy) for pressure. {(HI Gas ,/.) 


Example 11. Total Heat at Elevated Pressures. —A (K) A.P.I. Pennsyl¬ 
vania i^asoline at GO' F. is to ho heated, vaporized, and superheated to 500'^F. 
at an absolute pres.sure of 2(K) lb. per sq. in. How much heat is required 
per pound of gasoline? 

General prop(*rties of tlie gasoline, taken from Fig. 35, are 

Average boiling-point. 290°F. (75()‘'R.) 

Oitical temperature. 610"F. (1070°H.) 

Molecular weight. .... 128 

Correid/ion factors (Figs. 33, 34) for the specific heats to account for the 
paraffinicity of the stoirk an* 1.04 for liquids and 1.09 for vapors. 

The total heat at atmosjiheric pressure i.s 

Heat of liquid (Fig. 33). 1(290 - 60)0.r>65 X 1.04 = 135 

Latent heat ( Fig. 37). 1 X 121 =121 

Heat of vapor (Fig. 34). 1(500 - 290)0.54 X 1.09 = 124 

Total heat, B.t.u. per ll^ = 380 


In order to apply a correction for pressure, reduced temperatures and pres¬ 
sures must be determined. 

Critical pressure (Fig. 42) = 340 lb. per sq. in. 


Fh 

Tr 


P 

Fc 

JL 

Tc 


500 -f 460 ^ 
1070 ■ 


0.898 

















PHYSICAL PROPERTIES OF PETROLEUM OIL 


109 


From these data, the value of ^HM/T is found (Fif?. 39) to be about 3.4, 
and the correction for pressure is 

AH j 2 g— « 25.5 B.t.u. per lb. 

Thus, the total heat at 500°F. at 200 lb. per sq. in. is 380 — 25.5 * 354.5 
B.t.u. per lb. of gasoline. 

Specific Volume. —The volume occupied by 1 lb. of vapor is 
('ailed the specific volume. According to the laws governing th(^ 
behavior of perfect gases, the volume varies inversely as the 
pressui’c (Boyle\s law) and directly as the absolute temperature 
(Gay-Lussac^s or Charleses law) or 

pv p'y' 

= Jt (the gas-law constant) (4) 

wh(‘re P and P' = lb. per sq. in. abs. (14.7 + ^2;ag(' pressure). 

V and V' == volume, eii. ft . 

T and T' = absolute temperatun^ or (d(^g. F. + 4()0). 

H = 10.7 when considering 1 lb.-mol of gas. 

At standard conditions of 32°F. and a pressure of 1 atm. or 
760 mm., the volume of 1 Ib.-mol of a perfect gas is 359 cu. ft. 
At 60®F. and 760 mm. the volume is 379.4 cu. ft. (379 is commonly 


The volume of 1 Ib.-mol of a perfect gas, viz.j 359 cu. ft., 
is the factor that relates the volume of a gas to its weight. Th(' 
foregoing laws are sufficiently exacT for engiiKH^ring calculations 
involving such gases as air, nitrogen, oxygen, flue gas, and 
natural gas, unless th(' pressure exceeds about 200 lb. per squares 
inch. For high pressures and for the vapors handled in th(', 
refinery the laws are not (‘xact l)ut they are used extensively. 


Example 12. Volume of Flue Gas.—A flue gas consisting of N 2 , O 2 , CO 2 , 
and water vapor has a molecular weight of 30. What is the volume of 
HK) lb. of this gas at 200'’F. and a barometric pressure of 740 mm.? 


X 379 X X = 1 648 cu ft 

30 ^ ^ 740 ^ (460 + 60) 


Volume at 20()"F. 

What is the volume of 100 lb. at 1000°F. and 10 lb. per sq. in. gage? 
Volume at 1000°F. = ^ X 379 X ~~ = 2,110 cu. ft. 


also 


Volume 


100 10.7X1,460 

30 ^ 24.7 


■ 60) 


= 2,110 
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Pressure-volume-temperature Relations of Vapors. —Petro¬ 
leum vapors do not follow the gas laws. In general, low-molec- 



Fiti. 40. - Uolation of pre8.iuro, volume, and temperature for the normal paraffin 
hytlronarl>ons. {Dr. G. G. Brouyn and Ind. Eng. Cfu,m.) 

ular-wcight vapors such as natural ga^soline and gasoline vapors 
may be handled jus perfect gases up to gage pressures of 35 lb. 
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per square inch without introducing great errors. For heavier 
vapors the laws are not exact, but the.y are widely used because 
no other convenient laws arc available. However, Dr. G. G. 
Brown® of the University of Michigan has studied the behavior 
of the normal paraffin h^^drocarbons. His correlation is given 
in Fig. 40, and similar information, given in Fig. 41, was taken 
from Watson et aV This figure was prepared for all gases, and 
the present state of knowledge concerning the compressibility 
of gases does not warrant clost^r discrimination. 

The theorem of corresponding states® affords a method of 
correlating the scattered data. This theorem postulates that all 
similar substances Have cofresponcfihg v()TumtN^ af corresponding 
temperatures and pressur^^^^^ refej-ynee point of correspond¬ 

enceTs tiie critical-point. Thus, instc'ad of using pressure, 
volume, and temperature directly, the ratio ()f (Vach 
their value at the critical-point is used. These ratios are called* 
reduc(id pressures, temperatures, or volumes. 


-- 111 volume at a specified condition V 

Vr = reduced volume = -- —— -i—.• r — = -fv* 

volume at critical-point Vc 


Tr = reduced temperature 


absolute tiunperatu rc 

absolute critical temiierature 

, , absolute pressure P 

Pr = reduced pressure = ^- — =- — 

* absolute critical jirossure Pc 


T 

Tc 


Tables 8 and 9 give critical data by which reduced (conditions 
can be computed. Most of the data WM‘re taken from “Fhysical 
Cvonstants of the Principal Hydrocarbons^^ by the tecdinical 
staff of The Texas Company. 

The relation of reduced tempcraturc^s, pressure's, and volum(.\s is 
given in Fig. 40. The same relations may be handled more 
conveniently, for most computations, by means of the compressi¬ 
bility factor Z. Perfect gases behave as follows: 

PV = nUT (ideal) 

•Brown, Soudebs, and Smith, Pre.ssure-volume-temperature Relations 
. , , ,Ind. Eng. Cfiem., 24, 513 (1932). 

^Hougen and Watson, “Industrial Chemical Calculations,” 2d ed., 
p. 398, John Wiley & Sons, Inc., New York, 1936; and Dodge, B. F., Ind. 
Eng. CAcm., 24, 1353 (1932). 
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0.1 0.2 0.3 0.4 0.6 Q8 1.0 2.0 3.0 4.0 GO 8.0 IQO 200 30.0 

Reduced Pressure 

Fk;. 41'oniprossiliility factors of gases an«i vapors. (Courtrsy ofIndnstrial Chemical Calcxdationsf' John Wiley <1: 

Sons. Inc., Xeu' York.) 






f PHYSICAL PROPERTIES OF PETROLEUM OIL 113 

R = gas constant = 10.7 for the following units: 1 mol of gas, 
volume, cii. ft.; pressure, lb. per sq. in. abs,; and tem¬ 
perature, deg. F. abs. 
n = number of mols of gas. 

Otlu'r gases deviate from the foregoing by the factor Z\ 

PV = ZnRT (5) 

N'alues of Z may be obtained from Fig. 41. 


Example 13. Pressure-volume-temperature Relations of Gases That 
Are Not Ideal. —.4. One-poiind-mol of CsHg (44 lb.) is held in a container 
having a capacity of 31.2 eu. ft. The temperature is 280°F. What is the 
jiressurc? (See Table 8.) 


Tc 

Pc 

Vc 


Tn 


= 665'’F. abs. 

= 616 lb. per sq. in. 
= 3.12 cu. ft. 

^ 460 4-280 
^ 665 




By Fig. 40 the reduced pressure * 0.372. 


0.372 

P = 229 U). abs. 


As a cheek, the original volume can be computed from Fig. 41. 


Ph - 0.372 

Z = approximately 0.905 
PV = ZuHT 

^ (4905 ^l_Xi0:Z_X_740 
229 


= 31.2 cu. ft. 


By the gas laws tlie computed pressure would be 


P 


1_X 1(47 X 740 
3172 


= 254 11). abs. 


B. One thousand cubic feet of methane is to be conipre.ssed from OO^F. 
and atmospheric pressure to 5(K1 Ib. per scp in. gage and a temperature 
of 50°F. What volume w’ill it occupy at these conditions? 


At final conditions, 


Mols CH* 


1^000 

379' 


2.64 


Tr 


344 

500 4- 14.7 




673 


0.765 




Table 8.—Properties of Paraffin Hydrocarbons 
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are temperatures in deg. C. at which the data are apj^icaUe. 
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From Fig. 41 

Z - 0.925 
PV » ZnRT 

^ ^ 0^ 25 X 2.64 X 10. 7 X 51 0 ^ ^ 

514.7 

By the gas laws the volume is 28.1 cu. ft. 

The Critical-point. —WIkuj a compound is heated at atmos¬ 
pheric pressure, it evcuitually reaches its boiling-point and is 



Fio. 42. C/ritical pressures of the hydrocarbons. {Courtesy of Oil ami Gaa 

Journal.) 


completely vaporized at a constant temperature unless the 
pressure is increased. If the ])ressure is increased, the compound 
is completely condensed and cannot be vaporized again unless th(‘ 
temperature is also increased. This mechanism, alternately 
increasing the pressure and temperature, functions until at some 
high temperature and pressure it is found that the material 
cannot be condensed regardless of the amount of pressure applied. 
This point is called the critical-point, and the temperature 
and pressure at the critical-point are called the critical tx^m- 
perature and pressure respectively. The liquid-phase and 
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5 vapor-phase merge at the critical-point so that one phase cannot 
[ be distinguished from the other. No volume change occurs when 
a liquid is vaporized at the critical-point, and no heat is required 
for vaporization, but the coefficient of expansion has become 
Vge (Fig. 43, page 119). 

The critical temperatures and pressures of some pure com¬ 
pounds are given in Tables 8 and 9. In addition, Figs. 35 and 
42 may be used to estimate the critical temperatures and pres¬ 
sures of higher boiling hydrocarbons or narrow boiling-range 
fractions. 

Insufficient information concerning the behavior of mixtures 
requires that the pseudo critical temperature and pseudo critical 
pressure be used for most oil mixtures. The pseudo critical- 
point as developed by W. B. Kay® may be defined as the molal 
average critical temperature and pressure of the several materials 
that constitute a mixture. It may be used as the critical-poirit 
of a mixture in computing reduced temperatures, pressures, etc. 
However, in computing the pressure-volume-temperature rela¬ 
tions of mixtures by use of the pseudo critical-point, it must be 
hornet in mind that the values are not accurate in the region of the 
critical-point—and that it cannot be applied to mixtures of gas 
Arid liquid (rofeu- to page 247). 

Example 14. Pseudo Critical-point.—Critical values for ethane and 
propane are: 



1 EthaiKi 

Propane 

(Vitical temperature, deg. R. 

549 

665 

Critical pressure. 

715 

616 


For a 90 mol per cent propane mixture of thcHe gases: 

4Vudo critical temperature. (0.1 X 549) -}- (0.9 X 665) = 653.4°R. 

Pseudo critical pressure. (0.1 X 715) 4- (0.9 X 616) == 625.9 

These values may be used to compute volumes, pressures, etc., of such a 
mixture. 

Coefficient of Expansion. —Government bulletins® present 
volume-correction tables for (1) straight-run products (10 to 

® Density of Hydrocarbon Gases and Vapors, Ind. Eng. Chem.y 28, 1014 
/1936). 

^ NaU. Bur. Standards Misc. Pub. 97; Nat. Bur. Standards Circ. 154 and 
its supplement; Nat. Bur. Standards Tech. Paper 77. 
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95 A.P.I.)> (2) volatile products (95 to 150 A.P.I.)> (3) asphalt 
and fluxes (0 to 15 A.P.I.)) W mixtures of gasoline and benzol 
(0~50 per cent), and (5) cracked gasoline. The mean coef¬ 
ficients of expansion for different gravity materials are approxi¬ 
mately as follows: 

Mean Coefficient 


Gravity Range 
79 and lighter. 

78.9- 65.0.... 

64.9- 51.0. . . . 

50.9- 35.0.... 

34.9- 15.0.... 

14 9- 0. 


of Expansion 
. 0.0008 
. 0.0007 
. 0.0006 
. 0.0005 
. 0.0004 
. 0.00036 


The coefficient of expansion may be defined as the fraction of unit 
volume that a unit of material will expand if it is heated through 
one degree'. 

Example 16. Coefficient of Expansion and Fig. 43. —One barrel of a 
19 A.P.l. oil is to be heated from 60 to 400'"F. What volume will it occupy? 

Coefficient of expansion = 0.0004 approximately 

Increase in volume — 1(400 — 60).0004 - 0.136 bbl. 

Total volume = 1.136 bbl. 

Using Fig. 43, 

Sp. gr. at (i0"F. (19 A.P.l.) - 0.9402 
Follow 0.94 line to 400"F. 

Sp. gr. at 400°F. — 0.83 
0 Q4 

Volume at 400‘’F. == 1 X - 1.13 bbl. 

0.00 

The volume by Fig. 43 is probably the more accurate. 

Density and Specific Gravity. —The density of petroleum 
products at eh'vated temperatures*” can be obtained from Fig. 43 
(s(^e Example 15). The figure relates the specific gravity at 
(>0°F. with the specific gravity at other temperatures. The 
number accompanying each line indicates the gravity of the 
material at ()0°F. 

Density is defined as weight per unit of volume. In the 
petroleum industry, density is usually expressed as pounds per 
gallon. Since 1 gal. of water at 60°F. weighs 8.328 lb., the 
density is 

Density, lb. per gal. == sp. gr. X 8.328 

Nelson, W. L., Determining Densities ... at High Temperatures, 
Oil Gas J,y Jan. 27, 1938, p. 184. 
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Viscosity of Blends. —Viscosity is not an additive property. 
When one volume of a 500 viscosity oil is mixed with one volume 
of a 100 viscosit}^ oil of the same base, the resultant mixture has a 


Per Cent by Volume of Low-Viscosi+y Oil 
(0 20 30 40 50 60 70 80 90 100 



45. A'iscosity blending chart. lligh-viscc)sitj' I>jiraffin oil and low-viscosity 
naplitlioiHJ oil. (O. G, WiL'ton, Nat. PatroU-uvi News.) 

viscosity of 209 rallK'i’ than 300. Wh(‘n oils of a different base 
are mixed, th(‘. deviation is even greater. FigurtiS 44, 45, and 4f) 
AN('re publish('d by O. G. ^^'iIson^- and are perhaps the most con¬ 
venient charts that have becai published. The A.S.T.M.^^ has 

Chart Method of Predicting Viscosity, Nat. Petroleum News, May 22, 
p. 87. 

’M'ommittee D-2, Petroleiiin Products and Lubricants, A.S.T.M., 260 
^>outh Broad Street, Philadelphia, Pa. 
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recently adopted standard viscosity temperature charts (D341- 
39) which can be used both for the change of viscosity with 
temperature and for determining the proportions for blends. 
Viscosity values at two temperatures must be available for each 
oil in order to use the charts. 

Figurf3 44 is for oils of the same base. 

Figure 45 is for high-viscosity paraffin oils and lower viscosity naphthene oils. 
Figure 46 is for Itigh-viscosity naphthene oils and lower viscosity paraffin 
oils. 


•Cen+' by Volume of Low-Viscosify Oil 
20 50 40 50 60 70 80 90 100 



Fia. 


90 80 70 60 50 40 30 20 10 

Per Cenf by Volume of Hi^h-Viscosity Oil 

46.—Viscosity hlciiding: chart. High-viscosity naphthene oil and low- 
viscosity i>araffin oil. {O. G. TFiYsow, Nat. Petroleum News.) 


The viscosity of the high-vLscosity oil is used on the left axis of 
the charts and of the lower viscosity oil on the right axis. 

















$?ty,Universal Soybolt 
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! Example 17. Blending Lubricating Oils. —It is desired to produce an 
rS.A.E. 30 (lowest viscosity 384) motor oil by blending 000 viscosity at 100 
^ paraffin stock and 200 viscosity at 100 naphthene stock. In what propor¬ 
tions should they be mixed? (Refer to Fig. 45.) 

^ .V straight line is drawn across the chart from 600 on the left to 200 on 
the right. This line intersects the 384 viscosity line at about 40 per cent 
of low-viseosit}'’ oil. (Read at top.) 

Change of Viscosity with Temperature and Pressure. —The 

{'iigiiK'or must frequently estimate the AdscM:)sity of an oil at 
another temperature than 100 or 210°F. This may be done l)y 



iG, 47.—llersohcl vi.scosity cliaKrani. {Courtesy of The American Instrument 

Company.) 


means of Fig. 48 (page 125), but great accuracy is possible by use 
of the Herschcl viscosity diagram (Fig. 47). In order to use this 
chart it is necessary to know the viscosity at one temperature and 
the base of the oil. The kinematic viscosity and the viscosity in 
ceritipoises can be obtained by the use of Eq. (2), page 43. 

The A.S.T.M. supplic^^ four large charts^^ that are more 
a^ccurate than Fig. 47 and can be used for kinematic as well as 
Say bolt viscosity units. 
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Example 18. Viscosity at Different Temperatures. —A paraffin-base oil 
has a viscosity of iX) at 21OT'. What is its viscosity at IGO'^F.? 

In using Fig. 47 a line must })e drawn across tlie diagram. The slope of 
this line is determined by corincM-ting Uk* ('in'h^ in tin' ]ow(‘r right corner with 
a point on one of tin* s(^ales in tli<‘ lower l<*ft corner. In this problem the, 
90 point on the paraffin scale shouhl be userl. 

A line is drawn through tlu’; point for 90 viscosity at 2]0°F., having a slop(? 
as indicated aliove. Follow this liiu'. until it crr)ss(‘s tlu' IGO^’F. line. This 
point is locates! among the viscrosity lines and is found to lie 195 Saybolt 
seconds at 1()() 'I‘\ 

If the siKs*ific gravity of tlu' oil is 0.805 at KiO'^’l*’., the viscosity in centi- 
poises can lx; obtained liy l*iq. (2), pag(^ 43. 


2 = n sii.-) X H)r> - ^ ) = 3f).2 

Recently it has liecome (‘(nninori praerKa' to measure the rate 
at which viscosity changes with tmnfxaatme liy means of tlu' 
Viscosity Iruhw. dliis ndation is discusstxl on page 09 (set' 
also Figs. 10, 17, Chap. VII). 

Th(^ relation Ind wc'en \'iscosity in c(‘ntipoises and temperature 
giv(*n in Fig. 18 is iirohahly not. so accurat.t' as other methods 


Table 10. -On.s Used i.n Plotting Fig. 48 





X'iscositv at 


(.urve 

Material 


... 


X'iscosity 

No. 





index 




100 

210 


1 

Natural gasoline 

7t» 5 




2 

Gasoline 

r)7.o 




3 

Kerosiaie 

42.0 




4 

Distillate 

35.0 

35 



5 

Gas oil 

30 0 

50 



64 

Lidx* 

32.0 

fiO 

40 

100 

6/1 

Lube 

21 .0 

130 

40 

0 

7A 

Lube 

29.0 

255 

50 

100 

7B 

Lube 

19 0 

440 

50 

0 

84 i 

Lid)e 

28.0 

780 

80 

100 

SB 

Lul)e 

16.0 

1,640 

80 

0 

94 

Lube 

26.0 

i 1,730 

125 

100 

9B 

Lube 

14.5 

4,400 

1 125 

0 

10 

Lube 

20.0 


200 

70 

11 

Residuum 

19.8 


300 

70 

12 

Asphalt 


(50 penetration) 
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that have been presented, but the chart is convenient to use and 
is sufficiently accurate for many design purposes. For further 
convenic^nce,, Table 10 shows the properties of the oils used in 
computing Fig. 48. 

The effect of i)i*essure upon the viscosity of liquids is not great' 
at normal operating pressures, but at a pressure of 1,000 lb. per 
square? inch and upward its (‘ffect is astoimdingly great. 
As a gen(?ral indication of tin? effect of pressure, the viscosity is 
increased about 15 piT c(‘nt at 1,000 lb., three- to eightfold at 
10,000 11)., and upon exceeding 55,000 lb. per square inch most 
oils begin to solidify. 

Viscosity of Gases. —Data on the viscosities of gaseous 
hydrocarl)ons and petroleum vapors are not. extensive, but 
what data are available are found to agree well with Fig. 49.^® 
For mixtures of gas(‘s, tin? pseudo critical-point of the mixture 
may b(? used with fair accuracy. 

In g(‘n(?ral, conditions at which the luaterials will l)c liquids are on the 
uj)per i)art of tlu* chart, i.e., ai)ove the reduced tempo rat lire line marked 
l.O, wher<?as tli(i viscosities of gases are near the bottom of the (diart 
and below a reducc'd t('m|)eratiire of 1.0. Tlie viscosity of liipiids 
decreases with tenqx'ratun? (moving downward toward higlier values of 
reduced temperature) and tlie vis(*osity of low pressure gases increases 
with tem})eratur(‘. Both of the.'^e effects are appanmt on the (diart 
but also note? tliat at high [in^ssures and high temperatures the viscosity 
of gases (or fluids) decreases with temperature in the same manner as 
true liipiids. 

A s()m<‘wluit more accurate correlation may be obtained by 
utilizing tlu' viscosity at the high pressure oA'er the viscosity at 
atmosplu'ric? pri‘ssurt', rather than plain viscosity,’® but the small 
amount of data that are now available do not appear to justify 
tins addl'd complication. 

The viscosity of natural gas has been studied by B(?rwald and 
Johnson.’^ b]xc('])t for the gases that contain abnormal amounts 
of nitrogen, oxygen, or carbon dioxide, the information of these 

Dow, Fe.nske, Mild Morgan, KITect of Pre.ssure on Visco.sity of Oils and 
Chlorinated Diphenyls, Ind. Eng. Chvm. 29, 1078 (1937). 

Nelson, \V. L., Viscosity of Gases Handled in Distillate Plants, Oil Gas 
J., July 13, 1939, p. 50. 

Comings and Egly, Viscosity of Gases and Vapors at High Pressures, 
Ind. Eng. Chem., 32, 714 (1940). * 

Viscosity of Natural Gas, U.S. Bur. Mines, Tech. Paper 555, 1933. 
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0.5 1 1.5 2 2.5 3 3.5 4 

Reduced Pressure 

Fio. 49. -Viscosity of hydrocarlxjii li<i\iid8 and vapors. 


Heat of Combustion. —The heat of combustion of petroleum 
oils increases with A.P.I. gravity (or hydrogen content) as 
indicated in Fig. 50.^* The figure is accurate within about 1 per 
cent if the percentage of water, ash, and sulfur is accounted for. 

Cragob, C. S., Thermal Properties of Petroleum Products, Nat. Bur. 
Standards Misc. Pub. 97, 1929. 
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Cracked fuel oils have a higher heating value than straight-nin 
products.^® 'J'ahles 25 and 2() on pages 176 and 177 give analyses 
and heating values of various refinery fuels. 

Vapor-pressures of Oil Fractions. —A study of mixtures 
requires a revision of our (!on(t(q)lion of vapor-pressure. Every 
material, l)y virtiu^ of the movement of moleeuh's within it, exerts 
a teiuhaiey to vai)oi*iz(‘, t‘ven though it is far below its boiling- 
point. In tlui (*as(‘ of a singl(‘ compound th(‘ tendency to vapor¬ 
ize or to project molt'cuh's of itself into the surroundings becomes 



Kiu. 50.—Rol.'it.ioii of licatiiig vuliie atid A.P.I. jrravity. {ILS. Bureau of 

Standards.) 

greati'r and greati'r as tlie t(‘inperat iiri' is raised, until it is equal 
to the pressur(‘ of ( he sysU'ru, and llu' mat ('rial is said to boil. At 
lemperalun's alxne tiu' boiling-point tli(' vapor-piTssure is 
great(‘r than atinosjdu'ric ])r('ssur(', and a ('onvi'iiient method of 
mt'Msuring such ^ apor-prc'ssun's is to ai)i)l\' enougli pn'ssure to 
suppn'ss boiling. 

A mixture' tends to behave diffen'utly Ix'causc' it does not 
l)oil at one tempc'ratuix'. ddie vapor-pre.ssur(' of a mixture is 
usually defint'd as the })ressure (weiic'd by ihi' mat(‘rial when no 
vaporization occurs. If \ a|)orization occurs, the eomposition of 
the material is no longer the same. The vapor-pressure of a 
mixture is a summation of the vapor-pressures of each of its 
Fauacuier, Morrell, and Essex, lud. Eng. Chem.. 21, 933 n929). 
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( oinponeiits (Raoult's law, page 229), and hence the vapor-pies- 
sure should be a function of the slope of the distillation curve. 

An excellent correlation of the vapor-pressures of gasoline is 
|)res('iited by ^l(\yer,-” and Bridgeman"^ i)resents the dew-points 
)f gasoline's as a function ol the A.S.T.AI. distillation cnnve. 

Boiling-point Corrections. —The conv('rsion of boiling-points 
from one prc'ssure to anotlu'r is of prime importane(' t-o tlu^ 
(k\signer. A distillation conducted at a constant pressun' is 
equi\'al('nt to changing tlie temperature and composition of the 



I’uf. 51.- Vacuum distillalioiisj of kcrosciu'. 


mat (‘rial simultaneously so t hat th(‘ vapor-pressure always ecpials 
lh(' |)r('ssur(‘ at which the distillation is Ix'ing (*onduct(‘d. If 
se\'eral distillations of tlie same material are (x)n(luct(‘(l at diff('i- 
(‘iit {)ressur(is and the same degive of fractionat ion is maintairu'd 
throughout all of tlu' distillatioiis, we liav(; a nu'ans of i)lotting 
va])oi-pressur(* curve's. Jf any })erc(‘ntMge distilh'd is s(‘l(‘cted, 
»ihe ivsidiK' in the flask ex(‘rts a vaj)or-pr(‘Ssure tliat is ecpial to the^ 
|)ressure in tlie flask. Thus l)oiling-|K)int corn'ctions involve; 
\’apor-])ressure and may be correlated liy th(‘ same' iiK'thods as 
those us(‘d in correlating vapor-|>ressures. Ilow(‘ver, the (*or- 
relation of boiling-points corrections is involv(*d bc'causc (1) the 
slope or distillation range of commc'rcial products vari(‘s, (2) the 

The Vapor Prcissurc Curves of I'etrolouiu Spirits, ./. / nsi. Pfitrol/mm 
Tech., 17, 42 (1931). 

Dew Points of Air-gasoline Mixtures from Distillation Curves, /nd. 
Eng. Chem., 20, 821 (1928j. 
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manner of vapor formation may differ, and (3) the chemical 
composition of oils differs. Figure 51 presents a scries of dis¬ 
tillations of Mid-Continent kerosene. The circle points were 
computed by using the vapor-pressure chart for the paraffin 
hydrocarbons (Fig. 52). 

Inherently the true-boiling-point cur\X‘ should be most easily 
correlated because it consists of the boiling-points of nearly pure 
compounds as they distill one by one. The equilibrium-flash 
curve illustrates the other extreme type of distillation, and cor¬ 
rections of this curve from one pressure to another should not be 
exactly the same as the correction for fractionating distillations. 
Nevertheless, a large difference does not seem to exist between 
these two extremes of boiling-point corrections, nor does the 
slope of the distillation curve seem to alter the vapor-pressure or 
boiling-point corrections to a great extent. 

Piromoov and Beiswenger^^ find that the slopes of flash- 
vaporization curves are practically independent of pressure, so 
that the correction of the boiling-point or flash-vaporization point 
is a constant number of degrees throughout the entire curve. 
They suggest that the correction should V)e determined V)y cor¬ 
recting the intersciction point between the true-boiling-point 
curve and tlu^ flash-vaj)orization curv(^ by the vapor-pressuni 
data of the paraffin hydrocarbons. Tlu' intersection point is 
used because the true-l)oiling point curve and the flash-vaporiza- 

Tablk 11.- -Uedik tion of Boiling-point by Vacuum, Degkees 
Faiiubnueit 


900 
0 

101 
208 
270 
310 
364 

Kquilibriuin Vaporization of Oils and the Carrying Effects of Light 
Ends, A.P.I. Bull. 10, No. 2, Sec. II, p. 52, 1929. 


For oils that boil at the following atmospheric 
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Vapor Pressure 
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Normal Paraffin Hydrocarbons 


62 .- 


-Vapor-pressure and boiling-point corrections for the normal paraffin 
hydrocarbons. 
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tion curve intersect at approximately the same percentage point 
regardless of i)r(‘ssure. 

A study of s(*veral distillations similar to Fig. 51,^^ as well as 
some scat;i(‘red dfit a on l)oiling-point corn'ctioiis in the technical 
literature, has failed to reveal all the factors that are involved 
in correcting boiling-rang(‘S from one pressure to another. How- 
ev(T, Table 11 shows (he approximate' change in boiling-point that 
is caused by disl.illalion at a rc'diiced pressure, as obtained from 
distillations'^'^ such as tlu' oiu' shown in Fig. 51. 

()l)viously (.lie cori*(‘hition of vape)r-j)r(‘ssures and boiling-point 
corn^ctions for (‘omriKU'cial mixture's is still in a formative stage. 
Api)arently the; vapoi-jne'ssure's e)f tlie' normal |)araffin hydro- 
e*arl)e)ns are; our me)st el(‘|)e;nelal>le elata, l)ut th(‘\' are not exact 
when appli(;el te) e)ils. IIowe\'(‘r, if the' lal)e)ratory data are 
e*onverte;el fre)m vacuum ce)nditions to atine)S|)lie'ric ])i*essure by 
means of Fig. 52 anel t he' same cliart is use'd during de'sign e'alcula- 
tions in dete'rmining boiling-points unde'r vacuum, errors are' 
I'liminate'd to a large' e'xtc'iit by the' (wo e>pe‘raiie)ns. Figure' 52 
will be use'el thre)ughe)ul this be)e)k fen* l)e>iling-pe)int ce)rre‘Ctions. 

Example 19. Correction of Boiling-point to Another Pressure.— An oil 

has a l>()iling ])oiiit of oOO i'\ n( atTuosplu'ric ])rossur(\ At what te'inpe'raiure; 
will it boil if tlu' prossurc is 50 mm.? (Ib'fcr to Fig. 52.') 

line; is drawn ticross Uk' clintt ('onnccting 50 o!i the' U'ft scale with 500 
on the; e'cnt(.;r .scale, tdic tcm|>craturc imiy he note'd on the; riglit .soide'. 

H P. nt 50 mm. 32rF. 

Discussion. .The' rapid rate' at which elata regarding petro- 

le'uin mixture's are' be'ing ae-e-uniulate'd should always be borne in 
mind. Much e)f the' data in this e*ha[)te'r will se)e)n need to be 
revi.sed. Much e)f the' data are still in a poe)r state' ed’ e'orrelatie)n. 
Ne'verthele'ss, the' use; e)f the elata such as tlu'y are is nece;.ssary, 
and judgme'iit must 1)0 u.se'd accordingly. The' oil industry 
should ce)e)perate' in elete'rmining the true pro|)('rties e)f petroleum 
hydrex'arbons anel oil mixture's. Such a program would doubtless 
result in a ne'W and astounding pelre)leum chemical industry. 

There is hardly an end to the prope'rtie's of pet re)leum oil that 
might be dise'ussed in this cliapte'r, but many e)f them can be 
b(;tter presented Jis they are ne'eded in definite problems. 

Samples of Mid-Continent crude oil, gasoline, ke^rosene, gas oil, wax 
distillate, pressed distillate, lubricating oil. Gulf (’oast crude oil, and cracked 
gas oil have been e.vamined. 
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CHAPTER IX 


REFINERY PRODUCTS 

Th(^ underlyinji^ piirposo of all refinory i)r()(*essiiig is the i^roduc- 
iioM of niarkelahh* produ(‘ts. Bc'cause of this fundaiiieiital 
purpose, a study of th(' uses and si)eeifi(*ations of finished rc'finery 
produ(*ts })rovid(*s a hroad understanding of the necessity for the 
various refining o])eratioiis. 

The larg(‘ nuinhc'r of (?f)mpounds (‘onstituting petrolcaun 
jun-inits a single jjroduct to (‘xhibit a wide range of physical 
properties, 'hhe ])oiling-rang(^ of crud(‘ ixdrohaiin ranges evenly 
from l(\ss than —100 to pc^rhaps 1300°F., and the specific gravity 
from 0.() for tlu^ lightcvst fractions t,o more than 1 for the highest 
boiling portion. During proc(‘ssing, the (nude oil is sepaiated 
into products, (*a(;h product embracing a certain range of the 
foregoing i)hysicai properti(‘S. Obviously many different })rod- 
ucts (*an l)(‘ mjid(‘, d(‘pending uj)on the usc's for the product and' 
upon the limiting market sp(‘cifi(^ations. Petroknim oil six'cifiea- 
tions usually allow a relatively wid(^ range of j)hysical |)r(){)('rti(\s. 
As an examph', consider gasoline. Gasoline is not a distinct, 
uniform jiroduct. Depending upon the sah^s region and upon 
its us(', gasoline may hav(‘ an (md-point betAvecm 320 and 137°F. 
and may vary, in gravity bet ween 50 and 70 A.P.I. Thus the 
amount, of gasoline that may be |)roduc(‘d from crude oil will vary 
widely not only because of difTerencx's in crude oils but also 
because many diff('r(‘nt gasolines may be produced. Thc^ saiiK' 
condition (‘xists n'garding many other refinery products. 

In geiuu’al, finished refinery products may be grouped as 
follows: 

1. Ldght oils —gasoUno, ixiplitha, solvents, and burning-oils. 

2. Distillatos —fuel oil, diesel fuel, tractor fuel, and gas oil. 

3. Lubricating oils —motor oils, engine oils, machine oils, etc. 

4. Greases and waxes^—cui) grease, salve bases, and paraffin wax. 

5. Residues —fuel oil, coke, asphalt, carbon black, etc. 

6. Specialties —medicinal products, insecticides, alcohols, etc. 
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G. A. Beisvvengcr^ presents a vital discussion of the specifica¬ 
tions of various products, the choice among crude oils from the 
standpoint of specifications, and the economy of evaluating 
^■riide oils. 

Light Oils.—Gasoline is perhaps the most important petroleum 
|)roduct. United States govei-nment agimcies^ specify six motor 


Table 12.~ ( Jasoline Specii I( attons 


— -- 

Muximum di.stillation range, "F. 

Gum, 

Maxi- 




... 

_ 

__ 

... 

mg. 


Vajwr- 

Octane* 

Name or gradi* 





per 


pressure. 

number 


10 jier 

50 per 

90 per 

K.P. 

IIX) 

per cent 

(Reid) 

minimum 


cent 

cent 

cent 


nil. 




n 









(lov('rnnu'nt: 









1. Aviation, fighting. 

15S-1()7 

212 

. 275 


G 

005 

7 

100 

2. Aviation . 

158-107 

230 

320 


0 

0.03 

7 

05-01 

3. r.vS. motor. 

149-1G7 

284 

392 

. 


0.1 

12 



149 


350 

. 


0.1 

10 

05-75 

A.S.T.M.. D439 37T:t 









5. Type A-rogular. 

140 158 

284 

392 


7 


9 5 13 5 

07 76 

(j. Tvpr B-\a)lsitil('. 

140 1.58 

257 

350 


7 


9 5-13.5 

67-75 

7, Tv’ix* ('-non-volatile . 

.07 

284 

392 


' 


9 5-13.5 

45 

.Aviation fuels: 









^ Average airlines (1938) ... 

158-107 

191-221; 

231-347 


t) 

0 1 

0.5 7,5 

73-95 

9. Blemling naphthat . 

120-140 

175-205 

235 250 

205 295 



7 0 

70-76 

Avt rage fuels;§ 

Average 

distillation range 

. deg. F. 



(Average) 

(Average) 

10. 192s regular. 

140 

207 

379 

i 420 




56 

11. 1931 regular.. 

148 

255 

373 

411 i 


! ' ” 

0 4 

60 

12. 1934 regular. 

135 

242 

354 

403 



9.5 

69 

13. 1937 regular. 

125 

240 

358 

401 



10.3 

70 

14. 1939 eompetitive. 

i 142 

245 

357 

405 



8.0 

62 

15. 1939 regular . 

127 

225 

352 

390 



10.6 

73 

10, 1939 premium. 

I 127 

220 

347 

393 ' 

I 



9.9 

80 


* Maximum tetraethyl lead allowed ia often specified. 

t Petroleum Products and Luhrieants, v\.S.T.M., 2()0 South Broad Street, Philadelphia, Pa. 

^ t StraiKht-run naphtha suitalih' for blending with isooetaiie, isopentane, etc., for 100 octane nurnlx'r fuel. 

§ ZIKOKNHAIN, \V. T., A yearly review. Oil Can J., June 8,1939, Ileally winter fuels taken during late winter. 

fuels, U.S. Alotor Fut'l is a somewhat poor grade for automotive 
engines; Fuel V is a special grade for ambulances, fire engines, 
('inergfmcy vehicles, etc., and the four aviation gasolintis grade 
upward in octane number, being used for break-in, training, and 
^ Factors Affecting the Refiner^s Choice of Crudes, “Petroleum Tech- 
1 olopry in 1939,'' A.I.M.M.E., New York, 1939. 

‘V.S. Motor, VV-G-lOla, Motor Fuel V, VV-M-571a, and Aviation 
fuels, AX-VV-F 756, 761, 776, and 781, Superintendent of Documents, 
Washington, D.C. 
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fighting purposes. Some of the specifications of typical motor 
fuels are given in Table 12. 

The A.S.T.M. sp(‘{*ifications are perhaps the most compre¬ 
hensive. In addition to the three types of gasolines specified 
in Table 12, the types are further dividend according to volatility 
to care for seasonal changes and according to octane num¬ 
ber to care for compression ratio, as indicatc'd in the following 
tabulations: 


Cold or winter (\V). 

Medium fF). 

Warm or summ(*r (S). 

1 10 per cent i 
i point, j 

. 140 

. H9 1 

. 158 I 

Vapor- 

pressure 

13.5 

11.5 

9.5 



Octane Xumber 

Premiutn price. 


. 75 

Regular price. 


. (>7 

Low price. 


. 45 


All parts of the Unit(‘d States hav(‘ been classified as W, F, or 
S areas, as used al)ov(‘, with rc'gard to climatic conditions during 
each month of the* year. 

The most significant |)roperti(‘s of motor fiu'ls may b(' sum¬ 
marized as follows: 

1. Antiknock qualit 3 \ 

2. Volatility. 

3. Vapor-pressure. 

4. Amount of sulfur and gum. 

Other properties such as color, gravity, initial boiling-point, 
and end-point have been found to be of secondary importance. 
Volatility measures the (^ase with which a cold engine can be 
started and also the rate at which the engine will respond to the 
use of the throttle during acc(‘*eration. The curvature of the 
A.S.T.M. distillation curve is considered as the best indication 
of the volatility. The 10, 35, 65, and 90 per cent points are 
particularly significant.® The 10 per cent point must be low 
enough to allow sufficient vaporization to start the cold engine 
with a minimum number of revolutions of the motor and at the 

* Brown, G. G., The Volatility of Motor Fuels, E^ig. Research Bull. 14, 
University of Michigan, 1930, p. 7. 
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same time must not be so low as to promote vaporization in the 
gasoline feed system. The 35 and 65 per eenl points are related 
to the performance of the car after the motor is started; and the 
90 per cent point must not be too high, or crankcase dilution 
Void a loss of power will result. The vapor-pressure is a check on 
t he possibility of vapor-lock in the feed system. The percentage 
of propane in the fuel is important in governing the tendency 
for \'apor-]ock. One per cent propane increases the vapor- 
pressure of most fuels by about 2 lb. 

With the advent of high-compression motors, the tendency of a 
fu(‘l to spark-knock or detonaie violently has attracted much 
attention. Knocking is thought to be due to autoignition of 
|)art of the charge in front of the flame. Mild knocking has little 
(‘fleet on the performance of the engine, but severe knock may 
r(‘su]t in loss of power and damage to pistons or bearings. Cer¬ 
tain substaric(^s such as lead tetraethyl'^ and iron carbonyl® 
t(‘nd to prevent knocking. All hydrocarl)ons have different 
antiknock propcu’ties, and certain of tlu'se, such as benzol® and 
tiios(' in cracked gasoline, are usc^ful in suppressing knocking. 
Standard ethyl gasoline has an octane numlxM’ of 78 (1940), and 
t h(‘ Q grades of Ethyl gasoline must not have an octane number 
%x(‘(‘eding 70 by the motor method. Octane number is greatly 
fiffect(‘d by altitude.^ The octane numb(*r may be about- three 
units lower for each 1,000 ft. of elevation at ekwations near sea 
If'vel (growing to 7.5 per 1,000 ft. at 12,000-ft. elevation). 
Thus, if an octane number of 67.5 is nec(*ssary at sea level, an 
octane number of 50 is satisfactory at 6,000-ft. elevation, and at 
12,(K)0-ft. elevation a number of (‘ven 20 is satisfactory. 

Cracked gasoline often contains guvilike materials that are 
defK)sited on the glasses of filling-station pumps and on the 
walls of the intake manifold and valves® of an engine. Gaso- 
'Inies containing 10 mg. of preformed gum per 100 ml. give 

^ Midgley, Thomas, Jr., Tetraethyl Lead Poison Hazard, Ind. Eng. Chem.y 
17,827 (1925). 

■’ “ Motalin,” a blending compound of the I. G. Farbfuiindustrie A.G. 

® Campbell, Lovell, and Boyd, Standard Fuel for Anti-knock (Quality, 
Oil Gas J., Jan. 23, 1930, p. 42. 

^ MacCoull, Holllster, and Crone, P^ffcM-t of Altitude on Anti-knock 
* • . , R(^, Nat. Gaso. Mfr.y November, 1937. p. 534. 

^ V'oorhees and Eisinger, The Importan'cc and Significance of Gum in 
Gasoline, Oil Gas Dec. 20, 1928, p. 152. 



140 


PETROLEUM REFINERY ENGINEERING 


littlo or no trouble; 20 or 25 mg. frequently causes sticking of the 
valv(\s; and over 50 mg. usually results in sticking valves and 
(carbon deposition.^ It appciars that carbon deposits are related 
to gum content if tli(‘ (uigin(‘ manifold is unheat(‘d but no such 
relation (^xists if th(‘ manifold is luxated.Tlie rate of gum* 
formation during storage^ lias been !•(*hlled to th(‘ tinu‘ requiri^d to 
))ro(lii(*(‘ 10 mg. of gum in a lal)orat()r>^accelerated oxi(lationt(\st,^^ 
and hence it is now i)ossibl(; to foret(‘ll the length of time that 
a gasoline can lie stonni. Chemical inhibitors which delay the 
formation of gum an* wid(‘ly used. 

The amount,, of mljur that can be* safely allow(‘d in gasoline has 
b(‘en a much-discuss(‘d question. Quantities as high as 0.2 pei* 
(•(•nt usually will not cause* s(‘rious con*osion difTi(*ulti(‘s, and 
gasolines containing 0.25 p(*r (*ent sulfur an* being mai‘ket(*d in 
a few parts - of the* Unit(*d States. Neverth(i(*ss, owing to 
disastrous r(*sults with C(a‘tain high-sulfur oils, the (piantity of 
sulfur is usually limit<*(1 to 0.1 j)er c(*nt . 

The* color of gasoline* indicates little^ about its (juality, although 
it is an indication e)f the* thoroughn(*ss of the* re'fining oj>e‘rati()n 
and of the* temdene-y to prexluce* gum. The highly de'sirable 
antiknock ce)m|)ounels are partly r(‘m()ve*d by tre*ating, and lu'iicei 
the* S})(*cifie*at,ie)n eif ce)l()r has be*e*e)me‘ le'ss anel le'ss important.. 
l\le)st re*fine*rs i*e*sort to the use of oil-solulile* dye's te) mask the 
cole)!* e)f t he* nat ural preiduct. I)ye*s I'anging in e*e)lor from yelle)w 
to dark purple* ai’e* availalile.*- I'hese dye*s alse) se'rve (1) to 
ielentify a gasoline* and thus prome)te ce)niiele*ne*e‘ in its advertised 
epiality, (2) to pre‘se*r\'e the* anlikne>e*k propc'ities that would 
be partly lost during clu'inical tre*atme*ut, and (3) to reduce the 
cost of re'fining. 

The de'inand fe)r veilatile* and antiknock fiie*ls has pre)mot(‘d the 
de*ve*lopme*nt e)f the* natural-gase)line* industry, crae'king pre)ce*sse*s, 
and pe)lyme*rizat ion proce'sse's. Our motor fuels cejiisist of 
natural gase)line fe>r veilatility, cracke*d gaseiline or antikne)e*k 

Tiu'stv, a. W., Gum in Gasoline .... Ref, Nat, Gaso. Mfr., Fe*bruary, 
1935, p. 47. ^ 

Maui.ey, Maktix, and Gruse, . . . Moderate G\un Content in Gaso. 
Not llarmful, (HI Gas J,, Now 10, 1932, p. 12, 

V.ABROFF and Walters, Gum Formation in Crae*ked Gasolines, lud. 
Eng. Chem,, 32 , S3 (1940). 

Eoloff ct al.j Dye Saves Dollars in Treating Gasolines, Oil Gas J 
Mar. 5, 1931, p. 133. 
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substances for allaying the tendency to knock, straight-run 
gasoline which usually constitutes the main bulk of the product, 
and sometimes coloring agents or gum inhibitors. 

'rh(‘ term naphtha is used to refer to any light oil product ha\- 
ing properties intermediate between gasoline and kerosene. Tlie 
\'arious solvents, in g(meral called industrial naphthas^ are special 
])roducts sold in small quantities and at special prices. In 
Tabh' 13 are listed some common naphthas and tlieir uses. 
So rtiany dilTerent properties are required that eacli solvent must 
r(‘ceive individual attention. Among Hk' special nHiiiinunents 
ma>' })(' white color; low unsatui-ated and aromatic cont('nt for 
stability; liigli aromatic content for solution of lacquers or 
i^ynthetic rc'sins; or low boiling for rapid volatilization. In 
geiK'ral, how(‘ver, naphthas should be free from acidity, non- 
coiTosix'c b\' the coppei-stidp t('st, fn^e from gums or susi)ended 
inattca’, swc'et smelling so that a jjetrohnim odor is not imi)art(‘d 
to the manufactured products, and well fractionated to (dirninate 
as mu(‘h of the fire hazard as possil)l(‘. Much of tlu' data given 
in 'rai)le 13 were taken from “The Science of Ihtrohaim.”^*^ 
lleeentlN’ tin* art; of distillation and fractionation has })e(ai 
d('\'elop(‘d to such a d(‘gre(' that pure com|)ounds or n(‘ai*ly pure 
(^nnpounds can l)e ])repar(‘d fi’oni ])etro]eum. Among lh(‘S(^ 
{'ompoujids ar(‘ i)ropan(\ butan(‘, jxmtane, and the corr('s])onding 
An c(Mn|)ounds. Sev(‘ral of 1 h(‘se have alnaidy l)e(m ofT(‘r(‘d on th(> 
marloa, and doulhless during the nc'xt few y(‘ars tlu'y will find a 
wides})r(‘ad use as commercial sohamts. C()mni(‘rcial imtaru^ is 
sold foi- gas manufacture, and nearly i)iir(^ propane is sold as a 
InMlled gas for cooking purposes. 

Th(‘ miii(‘ral-oil solvents should not be considered as substitutes 
for other solvents that are now used, Ixaaiuse mineral solvcmts 
poss(‘ss })roi)(‘rties that are unique and uscdul, and for many 
purposes th(‘y can be selected because of th(dr own merits. 

TIh‘ hurning-oih represented by kerosene, long-time burning- 
f>ih lighthouse kerosene, and 3()0°F. mineral seal oil, as their 
naiiK's imply, are used as fuels in household, mariiu^, passenger- 
coaeh, and railroad illuminating lamps. Kerosene is t he common 
household, marine, and government burning-oil. The 300° 
^niiiKU'al seal oil is a high-grade oil having a Cleveland open-cup 

IIahrap, F. N., Industrial Petroleum Solvents and White Spirits, 
^ ol. Ill, p. 2462 Oxford I'niv'ersity Press, New York, 1938. 
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fla.sh-point of not less than 250°F. Signal oil for railroad lamps 
is compounded from 300° mineral seal oil and lard or sperm oil. 
Long-time burning-oil is the finest grade, and in the burning test 
650 cc. of oil must not be consumed in less than 120 hr. 

* The value of kerosene is d ^ctly d ependent upon its behavior in 
the burning or lamp test. An unsatisfactory burning test is 
terminated by smoking, by a white cloud in the chimney, or by 
a ‘Hoadstool” formation on the wick. Smoking is due primarily 
to aromatic hydrocarbons; a white cloud is probably produced by 
disulfides (over 0.01 per cent); and toadstools are thought to be 
related to both aromatics and disulfides. The Saybolt thermo- 
\iscosity is also a good indication of the behavior of the oil in a 
^ lamp. The viscosity usually ranges between 325 and 450. 
However, an oil may have a proper viscosity and yet fail to 
burn satisfactorily. Kerosenes may have a gravity of 38 to 48 
A.P.L and a flash-point (Tag) of 120 to 180°F. The initial 
l)()iling-poiiit is usually about 370°F., and the end-point about 
50()°F., although the government allows an end-point of 620°F. 
Although the gravity is not important, many refiners strive to 
produce a 41.5 to 43 A.P.I. kerosene, and hence most of the 
kerosene on the market has this gravity. A small amount of 
^light material (naphtha) is necessary in order to produce a high- 
cjuality burning-oil. For tins reason a little heavy gasoline 
must always be pres(mt in the kerosene, and hence the boiling- 
ranges of kerosene and gasolines (or naphtha) overlap to some 


Tabi.e 14. —Kerosene and Related Distillates 


Name of product 

Gravity, 

Flash 

point 

(Tag), 

Color 

Sulfur, 

per 

Distillation, 
d.>g. F. 

Hecov- 

ery. 

Burning test, 
hr. 

A.IM. 

deg. F. 
min. 


cent 

ma.x. 

I.B.P. 

E.P. 

max. 

per 

cent 

41-43 W.W. (do¬ 
mestic) . 

42-44 

130 

30 

. 

i 

1 

0.05 

36.5 

485 

98 

24 

Standard White. . . 

38 ruin. 

130 


0.10 

375 

500 

98 

24 

44-46 W.W. 

44-46 

130 

30 

0.025 

365 

485 

98 

24 

Long-time burtiing- 

46-48 

125 

30 

0.0.5 

320 

475 

98 

(and 21 day) 
24 

oiland 325 W.W. 

300 oil. 

Tracter fuel. 

36-39 

38-41 

260 

80-115 


0.10 

510 

300 

660 

465 


(and 14 day) 
(for 300 oil) 
(Octane 43-66) 

Stove oil. 

43 


25 

1 

0.07 

... 

[ 530 
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extent. If the gasoline (or naphtha) and kerosene? are too 
well fractionated, the flash-point and initial boiling-point of the 
kerosene will be so high that it will not burn properly. This 
overlapping of cuts must always be consid(?red when the gasoline 
and kerosene are evaluat(?d from a crude-oil distillation curve. * 

The color instability of some keroscaie has at times been a 
mysterious difficulty. Several inhibitors and tests for color 
instability have been developed.Tlie properties of a few 
kerosenes and related distillate products are given in Table 14. 

Distillates.- -Among the so-called distillates are included 
domestic fuel oils (stove distillates), dies(4 fuel oil, tractor oil, 
spray oils, ins(>cticid(*s, smudge? oil, straw oil, absorption oils, 
industrial (distilled) fuel oils, and gas oil. Tal)l(; 15 presents 


Table 15.—Distillate Oils 


( irado or name 

Flash¬ 
point, 
deg. F. 

AIM. 

l\mr- 

f)oint. 

max., 

d«*K. 

F. 

Distillation range, 
deg. F. 

Vis¬ 

cosity 

at 

100“F 

Water 

and 

sedi¬ 

ment, 

l)pr 

cent 

Others 

T.B.l*. 

Max. 

10% 

Max. 1 

1. Volatilp domestic — 

100-1 Of) 

42 

0 


410 

500 


Trace 

0.05 carbon residue* 

2. Mfnlium domestic .. 

110 UK) 

38 

10 


440 

0001 


0,05 

0 25 carbon residue* 

3. Heavy domestic. 

110-230 

34 

20 



6751 

45 

O.IO 

0 15 carbon rcfsidue 

4. Quality diesfl. 

170 

37 

0 

392 

440 

045 

35 


57 Diesel Index 

5. Medium diesel. 

170 

33 

0 

430 

470 

700 

33 


48 Diesel Index 

6. Tractor fuel. 

no 

30 


250 

347 

500 



56 otdane numlxT 

V. Citus oil (gjis enrich¬ 










ment) . 

195 

33 


302 

400 

700+ 

35 



N. Industrial fuel. 

210 

30 

35 

440 

475 

800+ 

70 



9. Al»sorption oil. 


45 


344 

3SG 

505 



Dcmulsibility 9 min. 

10. .Absorption oil. 


37 


4S2 

518 

630 

39 


217 molecular weight 


* On 10 ix'f roiit residuum, 
t 00 i)er etuit point. 


the propeniit's of some of these distillates. This table indicates 
that the properties of distillates are not closely specified. Dis¬ 
tillates are cheap, and hence they are usually given little atten¬ 
tion in the ndinery. Excess stocks of gas oil, the distillates, and 
even the lieavy portion of gasoline are disposed of by cracking or 
reforming into cracked gasoline. Often the refiner blends his 

Hiixman, McHAirroN, and Moerbeek, Proc. World Petroleum Cong., 2, 
704, 708, 713, and 721 (1933); and Rather and Beard, Ref. Nat. Gaso. Mfr., 
16, 217 (1936). 
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distillates, along with other similar products such as pressure 
distillate butts,’’ with heavy tar to reduce the viscosity of the 
tar so that it can be marketed as a fu(4 oil. 

^ The Diesel Index^® defined as the aniline point (degrees 
I'ahrenheit) times the A.P.I. gravity, divided by 100, is assuming 
importance as a criterion of the ignition (pialities of diesel fuels. 
A high index indicates good ignition quality, and the range of 
Diesel Index for common fuels is 30 to 80. 

All of the distilled industrial fuels come from this group. 
The only proi)erties tliat require much attention are the flash- 
j)()int and sulfur content. Originally, gas oil was widely used 
for enriching artificial gas, but today most of it is used as a fuel 
,(»r crackled into gasoline. Distillat(‘s are also Ixang used as 
insecticides in swamjis and for spraying tn'cs, although residual 
fuel oils are more generally used. 


Table 16 .* -Ac'roMoTivE LuBuicAi'ixa Oils 



Savholt 

Tiiiver- 




(. 'ar- 



S.A.K. 


sal V 

’i.S(L 

Hash- 

Pour- 

Color 

bon 

resi- 

Sligh 

oxida- 

Neu- 

trali- 

No. 



nl 

point, 

point, 

A.S.T.M. 

due, 

lion 

zation 


at, 13()°F. 

210T\ 

ulog. t. 

cU'K. K. 


p(!r 

C(‘nl 

No. 

No. 

20 

1 ■ ■ 

120 

47 

400 

0 

5 

0.10 

20 

0.1 


or 

185 

55 







30 


185 

55 

410 

0 

6 

0.15 

20 

0.1 


or 

255 

63 







40 


255 

63 

425 

5 

7 

0.25 

20 

0.1 


or 

367 

75 



1 




50 


367 

75 

445 

10 

7 

0.40 

20 

0.1 


or 

654 

105 






* 

60 


654 

105 

475 

15 

8 

0.70 

20 

0.1 


or 

855 

125 






1 

70 


855 

125 

510 

15 

8 

1.00 

20 

0.1 


or 

1114 

150 








Becker and Fischer, A Suggested Index of Diesel Fuel Performance, 
•I’ Soc. Automotive Eng.j October, 1934, p. 376. 
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Lubricating Oils. —The wide usefulness of mineral lubricating 
oils do(\s not permit a discussion of all of them. Among these 
oils are motor oils; tractor oils; motorcycle oils; aero oils; engine 
and machine oils; locomotive and car oils; aircraft and machine- 
gun oils; gun and ice-machine oils; recoil oils; gear, chain and 
wire-rope oils; peiKitrating oils; transmission oils; putty oils; wool 
oils; spindle oils; thread-cutting oils; tempering and quench¬ 
ing oils; insulating oils; stainless oils; harness oils; floor oils; 
furniture and automobile polish; cutting oils; buffer oils; denatur¬ 
ing oils; medicinal mineral oils (white); and technical white 
oils. Tcichnical white oil is particularly interesting because it is 
used to lubricate tlie machiruny in food-manufacturing plants, 
such as bakeries and candy factories, and for lubrication in, 
certain textile work. 

The prop(‘rties of oils that are desirable for automotive internal- 
combustion engines are summarized in Table 16, which is taken 
primarily from United States Federal Specification^® VY-0-49G. 

The S.A.E. have assisted greatly in classifying oils by intro¬ 
ducing the following number system for lubri(*ating oils. For 
winter service the S.A.IO. 10 and 20 grades may be r(‘placed by 
10 W and 20 W oils, which have viscosities at 0°F. of 5,000 to 
10,000 and 10,000 to 40,000 se(‘. n'spectively. 



Saybolt Universal viscosity, at 

C \ 1.’ V.. 









100"F. 

mrF. 

2UrF. 

10 


90-120 


20 

231- 384 

120-185 

50- 60 

30 

384- 550 

185-255 

60- 69 

40 

550 - 652 

255-293 

69- 80 

50 

652-1244 

293-397 

80-105 

60 



105-125 

70 



125-150 


The important common tests for an oil are (1) flash- and fire- 
points, (2) viscosity and viscosity-index, (3) color, (4) pour-point, 
(5) corrosion, (6) emulsibility or demulsibility, (7) carbon 
residue, and (8) precipitation. 

Lubricating Oil, Class D, Superintendent of Documents, Washington, 
D. C. 
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The flash- and ^re-points indicate the amount of light material 
(gjLS oil) in the lubricating oil. Naphthene-base oils have 
lower flash-points than other oils of the same boiling-range. 
I,ow-flash oils tend to be distilled into the exhaust of an autoino- 

e engine. However, the effect of the flash-point on lubricating 
ability should not be overemphasized because a low-flash oil 
always exists in the engine after a few miles of operation because 
of crank(?ase dilution. The flash-point is widely used as an 
indication of the degree of fractionation that the oil has under¬ 
gone and the base from which it was derived. The Standard Oil 
('Ompany of Indiana markets a motor oil under the name 
“Isovis.^’ This oil is diluted with a lighter oil at the refinery 
so that it already lias the composition of an oil that has been 
\liluted by crank case dilution. 

Mucli importance has been attached to Viscosity Index^'* 
l)ecause it measures the suitability of an oil to lubricate* propcjly 
at th(* elevated temperature of the engine and at the same time 
not to be too viscous for operation while the engine is cold. 
hngin(\s start satisfactorily if the viscosity does not exceed about 
10,000 sec.^® Saybolt Universal, and hence the lowest ti^mpera- 
tiires at which the various oils should be used, provided the 
•i'our-point is low, are somewhat as follows:^® 



lAiwost temperature for easy 

Viscosity at 

starting, deg. F. 

210°K 

! 

Z(^ro viscosity j 

100 vis(!()sity 


index 

! 

index 

55 (S.A.E. 20) 

27 

-10 

60 

33 i 

- 2 

70 

41 

9 

80 

46 

15 

90 (S.A.E. 50) 

50 

20 


The major usefulness of determining the color is to indicate the 
nature of the refining operation. Nevertheless, some companies 

See Figs. 16 and 17 for viseosity teniperatnre relationships. 

18 Miller, Blackwood, and Davis, Improved Motor Oils, Ref. 

Gaso. Mfr., November, 1934, p. 411. 

Nelsok, W. L., Significance of Viscosity . . . , Oil Gas /., Nov. 23, 
1939, p. 46. 
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have so improved the color that the costs of refining have been 
needlessly increased.The pour-point indicates the tendency of 
an oil to congeal at low temperatures and thus fail to lubricate. 
Most oils are now dewaxed to pour-points lower than 0®F. Low 


Table 17.— Range of Physical Properties of Lubricating Oils 


Name of oil 

IWl for 

A.p.ir 

Viscosity at 

Flash 

(O.C.) 

Pour- 

point 

Carbon 

residue 

100 

210 

1. Light molor. 

Automobiles 

21-30 

l.ja- 330 

-13- r,o 

300-405 

0-30 

0.03 0.12 

2. Medium motor_ 

Automobiles 

21-28 

22.> 4.)() 

47- 58 

340-430 

0-40 

0.00-0.38 

3. Heavy motor. 

Automobiles 

20-27 

3(Kh- 0.')l) 

52 - 77 

360-450 

0-40 

0.1 -1.2 

4. Extra luaivy motor 

Automobiles 

18-20 

.')00-2,100 

70 125 

370 470 

0 45 

0.2 -2.3 



22 2.") 


55- 70 

370-450 

10-60 

0 3 -0 8 

6. Tractor. 

'rractors 

22-20 


00-155 

380 5(X) 

10 50 

0 4 -1.8 


Airplanes 

23 20 


75-125 

400-475 

0 45 

1.0 -2.5 

8. Tratwmiiwiori. 

AutfuiuibiU's 

20 23 


90-175 

440 515 

40-00 

2.5 -4.6 

9. (Cylinder (S.lt.)... 

Steam engintra 

10-27 


‘K)-33() 

41.5 030 

35 70 

1.5 -4.5 

to. Engine. 

Heavy iKisirings 

21-27 

L-iO- 330 


3.50-550 

0-35 


11 Crank eiiae . 

Steam engines, crank 








ciwe. Splash, etc. 

22-27 

190 330 


400-550 

0 35 


12. Turi»ine. 

Steam turbines, dynamos 

20 32 

1)0- 285 


320 420 

10-30 


13. (Mdtest. 

Ice machines, recoil air¬ 






1 


craft . machine guns, <'tr. 

2.'.-.33 

.50- 400 

. 

904.50 

-50to-6 


U. Spindle, ete. 

Light machines, weaving, 








spinning, uutuinatics. 








etc. 

20-3.') 

90- 150 


340-390 



Ifn Black. 

Hough, shnv-Hpecd lK;ar- 








ings, (Tusliers, ete. 








(cheap work) 

UV-2S 


95-ltH) 

375-1.50 

15-40 


It). White. 

Machiiuis in HkhI plants. 








etc. 

20 32 

1 87- 110 


2tX) 380 




|)oiir-|)()iiit oils are uniquely \uihial)le for certain purposes such as 
for airplane oils, aircraft, maehiiu'-gun oil, recoil oil, ice-machiiH' 
oil, and motor oils in cold climate's. Emulsibility or denmlsibility 
is particularly impoi’tant for oils that must be used in the presence 
of water or steam and for lubricating high-spei'd machines such 
as turbines. The carbon residue supposedly measures the 
tendency of an oil to dc'posit carbon in the internal-combustion 
engine. Wilson and Barnard‘S conclude tliat the carbon residue 
indicates the amount of carbon formation that will occur but 

Some performance data indicate that the most valuable lubricants are 
removed by extensive tn'atment, but this is a problem that is far from 
s^'ttled. 

Proc. A.S.T M., 28, Pari 2 (1928). 
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that the amount formed is not directly (much less) proportional 
to the carbon residue. course if the oils have different 

viscosities at the operating temperature, the one with the 
lower viscosity tends to pass the rings in larger quantities and 
f inis affects the amount of carbon formation.Naplithene-base 
oils d('posit less carbon^^ in an engine than other bases of oils, 
and some refiners are claiming that naphtheiuvbase lubricating 
oils will clean the carbon out of an aln^ady dirty engiiu'. 

Unfortunately, even a complete laboratory examination in 
which all of the foregoing tests are (nnployc'd do(\s not always 
indicate the true us(‘fulness“^ of an oil when in s('r\dc(\ For this 
iH'ason, a work-test-^ lias been adopted by the IJiiiti'd States 
Navy for evaluating an oil under conditions similar to t liosc' which 
ii must meet in actual service. Tlie comparisoii of lubricating 
oils given in Table 18 was obtaimal in engine tc'sts conducted by 
Born and Hariier-^ and servers to emphasize that no single 
type or base of oil is greatly supi'rior to another. 

In 1939 the production of lubricating oils was about 38,258,- 
000 1)1)1.About 57 p('r cent of tlie total domestic dmnand is 

“2 Lwincjston and Gkuse, ('arbon llc^posits from Lubric^ating Oils, Ind. 
Kng. Chrm., 21, 904 (1929). 

% 'Flic iiidu.stry lias apparontlv concedt'd that high-viscosity-indox oils, 
such as Ponnsylvaiiia oils, arc greatly su])erior and has attompi(‘d to make 
all oils meet the .specifications of paranin-ba..sc oil. Alt hough high-index oils 
arc neces.sary for (certain exacting duti(\s, the le.s.s-valiK'd oils fill the need for 
a cheap grade of oil and are certainly good enough for most purposes. 
Ikuilitle.ss the use of the so-called inferior oils is more economical for certain 
services than high-index oils. AfUa- all, lubrication is an economic, problem, 
not a scientific novelty. Perhai).s a comparison of oils based upon a i)urely 
cost liasis, consi.siing of (1) cost of lubricant, (2) expiaisi^s and iMconvainiences 
involved in overhauling the engine, (3) cost t)f rc])laceinents and rcpair.s 
directly due to a faulty lubrication, .and (4) performance, may lead to a 
])Ml)lic favor of mixed- and naphthcne-ba.se oils. Without doubt the mixed- 
'\<ase oils do not give so much troul)lc liy sticking valves or by hard carlmn 
deposits. F(nv complete tests of this natures have beim conducted, and 
th()s(* which are available do not dehnib'ly indicate that high-index oils are 
superior. Note Cro.ss, “Handbook,” Bull. 25, p. 426, 1928; Livingston and 
Gruse, Ind. Eng. Chern., 21, 904 (1929); O’Neill and McGeary, Nat. Petro¬ 
leum News, June 11, 1930; and Born and Harper, Oil Gas J., Nov. 1, 1934, 
p. 12. 

O’Neill and McGeaky, Evaluation of Lubricating Oils by the Work- 
f ' Jctor Method, Nat. Petroleum Newa, June 11, 1930, p. 63. 

Results of Engine Tests . . . , Oil Gas J., Nov. 1, 1934, p. 12. 

Reid, G., Semree and Distribution of Lubricating Oil, Ref. Nat. Gaso. 
Mfr., May, 1931, p. 110. 
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Table 18.— Engine Performance op Mid-Continent, Pennsylvania, 
AND Solvent Refined Lubricating Oils 


Regarding 

3 solvent 
refined oils 

5 Mid-Conti¬ 
nent oils 

1 Pennsyl¬ 
vania oil 

C/arbon deposits. 

1 })Ctter than 

4 blitter than 

1 worse than?' 


average 

average 

average 

Oil consumption. 

1 better than 

3 better than 

1 worse than 


average 

average 

average 

Gasoline consumption. 

2 better than 

2 worse than 

1 worse than 


average 

average ’'t 

average 

Lubricating value. 

1 better than 

2 worse than 

1 worse than 


average 

average * 

average 


* On<! test equal to uveruKo. 
t One t<58t was in error and was discarded. 


used for automotive lubric^ation, and the rest was for industrial 
lubrication. The following tabulation gives interesting data 
(1930) regarding the kinds of crude oil used in manufacturing 
lubricat ing oils. 


Type of crude 

Per cent of 
production 

Average per 
cent recovery 
from crude 

Per Clint of crude 
proiiessed for 
lubricants 

1. Mixed base. 

32 

20 

9.1 

2. Parafliii base. 

30 

30 

100. 

3. Coastal eruchi. 

31 

30 

32.4 

4. California crude. 

7 

20 

5. 


Greases and Waxes. -Greasers and waxes also constitute a 
large group of diffenuit materials. Among the greas(\s are 
recuperator, crankpin, rod, cu|), graphite, driving journal 
compound, axle, and filxu* gr(;ases. Petrolatum stock is also 
used in the manufacture of shoe polish, medicinal salves, hair 
pomades, vaseline, cosmetics, etc. Paraffin wax is used as a 
sealing and insulating material, in candle manufacture, as a 
compounding material in the manufacture of waxes and salves, 
and in the manufacture of wax paper and matches. 

The compounding of gri'ases, etc., is often considered as an art, 
and few “grease-makers'^ use the same process of manufacture. 
Greases may be grouped into three classes. 

” Simpson and Welch, Manufacture of Grease, Ref. Nat. Gaso. Mfr .,, 
March, 1931, p. 77. 
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1. Admixtures of mineral oil and solid lubricant. Some of the 
{•v)mraon solid lubricants are graphite, mica, talc, sulfur, and 
asbestos fiber. These greases are invaluable in the lubrication of 
ill-fitting machine parts functioning under heavy or intermittent 
A.ads. Examples of this type are tractor-roller lubricants, 
lubricants for concrete mixers, ditch-digging eciuipment, and 
lailroad-car unloading devices. 

2. Blends of residuum, waxes, uncombined fats, rosin oils, and 
])itches. This group is particularly suited to th(' lubrication of 
rock bits, steel cables, water pumps, dredges and chains, and gears 
operating under water or under exposed weather conditions. 

3. Soap-thickened mineral oils. Common thickeners are 
sodium, calcium, aluminum, and lead soaps. The soaps of 
Ji(‘se metals are prepared by saponification of a fatty glyc'cride of 
cither animal or vegetable origin. This group is wid(‘ly us(*fal 
liecause a large variety of different-consistency greases can be 
produced by selecting various metallic soaps, fatty glycerides, and 
mineral oils. 

There are also three general bases-^ used for manufacturing 
lh(‘ extreme-pressure (E.P.) lubricants now used widely for 
differential, transmission, and general gear lubrication. 

1. Blends of saponifiable oil (containing chemicuilly combined 
sulfur with a suitable lubricating oil—or mineral oils to which 
flowers of sulfur has been added, 

2. Blends of a sulfur chloride-treated saponifialde oil base and a 
lubricating oil of suitable viscosity—or chlorine combined 
dirc’ctly with chosen mineral-oil fractions. 

3. Lubricants containing lead soaps of fatty or naphthenic 
acids and sulfur. These may contain sulfur that has been 
added or only the sulfur that is naturally present in the mineral 
oil. 

The general theory regarding sulfur and chloride lubricants 
is that iron sulfide or iron chloride should be formed on the 
surfaces of the bearing or shaft and that the films of these 
materials are responsible in part for good lubrication. Thus, 
fhe extreme-pressure lubricants are somewhat corrosive and 
probably should not be used on bearings that contain copper. 

^ ** Ebaugh, I. A., Service Test.s Must Determine Value of Extreme Pres¬ 

sure Lubricants, Part 2, Nat. Petroleum Newti, Jan. 15, 1936, p. 26. 
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The S.A.E. recommends the following transmission oils: 


S.A.E. No. 

Saybolt Universal 
viscosity 

Special pour-point 

80 

Max. of 100,000 at O^^F. 

-20 

90 

80 to 1500 at lOO'^F. 

0 

140 

120 to 200 at 210^^. 

35 

250 

Min. of 200 at 210T<\ 



The S.A.E. 250 transmission oil is used primarily for trucks and 
busses. Although these oils are n^ferred to as transmission oils, 
the grading system is also (unployed in specifying rear-axle, 
steering, and oth('r greases.-® 

Paraffin wax is marketed according to the melting-point. The 
m(‘lting-point ranges from 105 to 140°F. Crude wax is sold in 
two common grade's having melting-poinis of 118 to 120°F. and 
124 to 12()°F. Crude wax is used in the manufacture of matches, 
as a stuffing or loading material for leather goods, and in the 
textile industry for softening and lubricating yarn during wind¬ 
ing. Refined wax must be free from odor or taste, and usually a 
white wax is required. A large quantity of refined wax is used in 
t he water-proofing of food containers. It is also used industriall}^ 
as a lining for vats, tubs, containers, etc., in food-manufacturing 
1)1 ants. The highest grade of common wax, having a melting- 
point of approximately 140°F., is used for the manufacture of wax 
paper, and the most common low-melting (110 to 112°F.) wax 
is used in manufacturing matches. In the past high-melting- 
point waxes have been manufactured from East Indian petro¬ 
leum, but more recently special waxes having melting-points 
exceeding 190°F. have been manufactured in the United States by 
solvent dewaxing or crystallization of the so-called amorphous 
waxes contained in petrolatum stock. 

Residues. —The residual petroleum products usually do not 
command a high market price. Often they are merely by-prod¬ 
ucts of the regular refining operation. Some of the residual 
products are residual fuel oil, fuel oil for diesel power engines, 
road oil, spray oil, coke, and paving, roofing, or paint asphalts. 

Thompson, J. W., varied E.P. Lube Specifieations Complicate Servdciiig 
Cars, Nat. Petroleum News, Sept. 30, 1936, p. 36. 






REFINERY PRODUCTS 


153 


Typical residual fuel oils exhibit the properties shown in 
Table 19. The first and last of these are the 1940 commercial 
standard, w’hereas the second and third were used in 1933.*“ 


Table 19.— Residual Fuel Oils 


Fuel oil 

Flash¬ 
point, 
deg. F. 

Water 

and 

sedi¬ 

ment, 

maxi¬ 

mum 

per cent 

Pour 
point, 
maxi¬ 
mum, 
deg. F. 

Maximum viscosity, 
sec. 

1. Low viscosity. 

130 

1 


50 Saybolt at 10()"b’. 

a. Medium viscosity. . . . 

150-250 

1 

15 

12.5 Saybolt at lOO^F. 

3. Bunker B. 

150 

1 j 


100 Kurol at 122'’F. 

4. Bunker C. 

150 

2 1 


300 Fiirol at ]22''F, 


All of the oils must be free from grit, acid, and fibrous or otluM* 
foreign matter that might elog or injure burner valv(\s. The 
main difference in the specifications of the three gov(‘rninent fuel 
oils is the viscosity. Residual fuel oils usually have a flash-point 
(O.C.) higher than 200°F., a Furol viscosity of about 100 sec. at 
>22^., a pour-point not exceeding 40®F., and the gravity 
ranges between 6 and 27 A.P.l. Sulfur is usually limited to 
1.5 per cent, and wat er and sediment to 1 per cent. Cracked fuel 
oils are desirable^^ as fuels because they usually have a low(‘r 
pour-point, lower viscosity, and a slight ly highc^r heating valu(^ 
than the residues from which they arc produced. However, 
certain cracked oils deposit carbonaceous material on st(‘am 
li('ating-coils,*^“ and hence cutter sto(*ks having a high solvcmt 
I)ower such as low aniline-point extracts or crackled gas oils, 
^•ather than straiglit-run gas oils, should Ixj employed for rc^ducing 
the viscosity of heavy, cracked fuel oils. 

Petroleum cok(* is used commercially iis follows as a refinery 
and commercial fuel (often powdered); in the manufacture of 

Bur. Standards C.S. 12-40 and also C.S. 12- 33. 

Morrell and Egloff: The CoiiKealinp; Temperature ... of Cracked 
Residue, Ref. Nat. Gaso. Mfr., April, 1923, p. 17. 

^ Batchelder, a. H., The Stability of Residual Fuels, Oil Gas Nov. 12, 
1936, p. 159. 

Swanson, E. B., Petroleum Coke, U.S. Bur. Mines, Econ. Paper 9, 1930. 
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carbon electrodes, brushes, plates, etc.; in the manufacture of 
abrasives and artificial graphite; in the manufacture of calcium 
carbide; as a metallurgical fuel; in paints and pigments; in gas 
inanufa(;ture; and in the ceramics industries. The high heating 
value and freedom from clinker-forming substances, the small 
quantity of ash, and the low sulfur content of some petroleum 
(^oke make it a desirable fuel in metallurgical processes. Below 
are listed the average physical properties of common petroleum 
cokes: 


Apparent (Ic’iiisity.... . 0.9-1.1 

Structure. .... Cellular to granular 

Color. .... Dark brown to grayisli black 


Proximate An'ai.yses oe I’etholeum Cokes, Per Cent* 



Cracking still 

Coking still 

Oven 

Moisture. 

0.35-3.3 

0.3-1.8 

0.3-1.1 

Volatile matter. 

8 18 

2-13 

1-7.4 

Fixed earl)(m. 

79-92 

85-96 

92-99 

Ash. 

0-1.6 

0.5-1.2 

0.2-1.8 

Sulfur. 

0.24.2 

0.5-1.2 

0.8-1.5 

Heating value, H.t.u. jM'r 11). 

15,300-16,400 

14,500-15,500 

14,400-14,700 


* “ Sci<Mi(.'(' <»f Pctrolnmi,” Vol. IV, p. 277-1, Oxford Ufiiver.sity Press, New York, 1938. 


In the jiast tin* term road oil lias lieen used carelessly by the 
refiner. The tcvi’in has b(*eii used to d(*signate any fluid nisidual 
oil for the purpose of “laying” the dust on dirt or gravel roads. 
Gradually^ th(‘ nieaning of the term road oil has been revised so 
that now it rt'fei’s to th(‘ more viscous grades of oil. These 
oils contain a high percentage of solid asphalt, and upon exposure 
the more volatiU' portion of the oil evaporates, leaving a solid tar 
which acts as a binding material for earth or aggregate. Cut¬ 
back road oils are manufactured by blending gas oil and asphalt. 
Table 20 indicates the ranges of composition and properties of 
road oils. Tlu^ many state specifications vary so ^\^dely that 
only t he limits of the properties are given in Table 20. The table 
should not be used as a set of specifications. 

The Unit ed States Federal Specifications for petroleum asphalt 
cover three main groups of penetration as shown below. In 
addition to the properties listed, the asphalts must not foam' 
when heated to 347°F,, the minimum flash-point is 347®F., 
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Table 20.— Properties of Road Oils 


Property 

Usual range 

Limiting property 
which may be 
difficult 
to obtain 

Specific gravity at 77®F. 

0.95-1.03 

0.95 + 

Asphalt content (100 penetration at 
77°F.).. 

40-85 per cent 

864- 

Asphalt content (80 penetration at 
77T.). 

35-94 per etuit 

94 + 

Furol viscosity at 210°F. 

Wide range 


Solubility in carbon disulfide. 

99-99.5 

99.54- 

Percentage asphaltenes. 

4-15 

hiither extreme 

'Flash-point (O.C.). 

120-100 

400 + 

Evaporation loss: 

Residue oils. 

1-15 per cent. 

1- 

Cutback oils. 

2 -40 per ei'nt 

2- 

Ductility of asphalt content. 

1-100 

100 + 


the loss upon lieati?ig at 163°F. for 5 Itr. must ii(>t cxochhI 
1 per cent (and 60 per cent of the n'skliK^ must have th(' same 
penetration as the original sample), and the solubility in carbon 
•vlisulfide must be over 99,5 per cent. 



1(K>-150 

50-100 

40-50 


penetration 

pemd,ration 

penetration 

Specific gravity, min. 

1.0 

1.0-1.01 

1.01 

Softening point, deg. F. 

95-131 

104-140 

113-149 

Ductility, min.i 

i 

1 

40 

40 


The A.S.T.M.^^ specifies the properties of emulsified asphalts 
/D397-39, D398-39, D399-39, D401-36T). Table 21 indicates 
other important properties of asphalts. 

Asphalt finds many uses other than as a road or roofing 
material. Among these are water-proofing of concrete and 
reservoirs, water-proofing paints, rubber filler or substitutes, sat- 
urant for felting, as a briquette binder, and in the prevention of 
corrosion. In 1930 the sales of petroleum asphalt in the United 
States amounted to 3,326,378 tons valued at $35,380,620. 

^ Petroleum Products and Lubricants, A.S.T.M., 260 South Broad Street, 
Philadelphia, Pa., yearly. 
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Table 21. —Asphalt Materials 


Materials 

Penetra¬ 
tion at 
ITV. 

Ductility 
at 77°F. 

Melting 
point. 
Ring and 
Ball 

Paving bindoLs: 




Mastic fuot pavements and floors. 

Asphalt blocks. 

10-15 

10-25 

20 + 

180-220 

She(‘t asphalt pavement. 

25-40 

40 + 

105-140 

Grout filler. 

40-70 

50 + 

113-140 

(h'out filler (l:)h^wiL type). 

30-50 

3 + 

150-230 

Asphalt concrei.e (aggregate sand, etc.).. . 

30-70 

45 + 

113-150 

Asphalt iruicadam. 

70-150 

90+ 

104-113 

Hoofing asphalts: 




Saturant for felt or paper. 

75-140 

100 + 

110-120 

Heavy saturant for felt and rug.s. 

28-32 

40 + 

140-150 

Roof coatings fl)lo\vii). 

10-50 

1 + 

160-200 

Sealing: 




Pipe sealing (sewers, etc.). 

40 00 

1 + 

200-225 

Pipe coatings. 

10-15* 

1 + 

200-215 

Water-proofing. 

25-50 

15 + 

140-170 


* Consintency. 


Petroleum Specialties. —During tJin last docade refiners have 
developed a hirge number of specialty products. More and more 
i*es('arch work on the constitution of petroleum is being con- 
ductcxi, and soon we may exj^ect to have a purciy chemical 
petroleum industry for the manufacture of chemical products 
that are far difierent from the petroleum products of today. 

Among the many special products from petroleum, natural 
gas, etc., are the following: liciuefied petroleum gas for domestic 
use, medicinal white oil, medicinal and dental wax, printer's ink, 
shoe polish, insecticides, furniture and automobile polish, 
dripless oils, and brick molding oils. The field of petroleum 
chemistry has hardly been touched, and among the many possible 
petroleum derivatives are explosives; d,ye intermediates; pure 
hydrocarbons (paraffin, naphthene, and aromatic); soaps; anti¬ 
septics; anesthetics; wood preservatives; antifouling paints for 
ship bottoms; chemical alcohols; lacquers; varnishes; chlorinated 
products such as chloroform, carbon tetrachloride, and alkyl 
chlorides; organic acids; refrigerants; and rubber substitutes. 
Indeed, the possibilities are so many that the products cannot be 
predicted. 
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CHAPTER X 


FLUID MECHANICS 

The processing of petroleum consists primarily of three* 
operations—heating, distillation, and transferring fluids. In 
spite of the* basic importance* of a knowledge of immping, the 
refineny industry has not gn‘atly (‘nricli(‘d our knowledge of 
hydraulics. Rattier, tlu^ refiner has tuiii(‘d to the* cornpn'tiensive 
litea’atun^ on tlie hydrauli(*s of water and has adapted this infor¬ 
mation to tin; handling of ]jetroleum. Although (his practice* 
has not l(*el to se*rie>us diflie‘ul(ie‘s, twe> important difrerence\s 
l)etweH‘n oil anel watea* must be re*e‘ogniz(‘d oils exhiliit a wide 
range* eif vise’osity, and the*y are* se*nsitive te) the action eif he*at. 

Mechanism of Fluid Flow. —Fleiw within a tube* or pipe is 
dividcKl inte) twei type's of meitiem: streamline flow and tuibulent 
fleiw. Streamline flow oce'urs at. low ve'locitie's, wliereas turbu¬ 
lent flow eiccurs at highe*r vele)e*itie*s. In streamline flow, through, 
a circular conduit, the* fluid trave*ls as a serie's of cylinders which 
slip past one another. Flow at the center e)f the* pipe progresses 
at the greatest veleicity, and the cylindrical film at the wall is 
almost stagnant. The wall of a pipe* is relatively rough eom- 
pared with the (hickne'ss of the film, and the irre*gularities in the 
surface are effectiv'e in trapping part of the fliiiel anel retarding 
its flow. Reactie)ns are communie*ate*d tei the beidy of tlie fluid 
by the viscosity or drag between particles. In small tubes or 
containers the condition e)f the surface is vitally important, but 
in conduits havdng diame*ters of (> to 12 in. the conditie)!! e)f the 
surface is much less important.^ The conditie)n of the surface is 
more important at streamline conditions than at turbulent 
conditie)ns. 

Friction Losses. —When a fluid movies through a constriction 
in the passage through which it flows, a loss of energy oc(*urs. 
Loss is caused by th(^ impact of fluid particles upon the walls of 
the conduit and by friction between particles of fluid as they 

^ Heltzel, \V. G., Fluid Flow and Friction in Pipe Lines, Oil Gas J., 
June 5, 1930, p. T203. 
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move past one another. Fanning’s equation for the pressure 
loss due to turbulent flow within a circular conduit may be 
expressed in English units as follows: 


= —jy ~: 


or 


1^88 gi 

160,000 


fsL 


( 6 ) 


where AP/ = pressure loss, lb. p(U’ sq. in. 

s = sp. gr. referred to water at ()0®F. 
u = velocity, ft. p('r sec. 

L — equi^'alent length of pipe, ft. 

D — diameter of pipe, in. 

Q ~ discharge, gal. per hr. • 

/ = friction factor, a function of Dus/z (Fig. 53). 
z = al)sohite viscosity, centipoises. 
iroughout years of industrial dev(‘h)pm(‘nt this equation iias 
))(‘eii found to be valid for the* flow of all kinds of fluids in citiailar 
('Oiiduits. Comprehensive exp(‘rimental data for sections oilier 
Ilian circular arc^ not available. How(‘\'er, th(‘ friction loss for 
other s(H*tions is usually computed by using the hydraulic radius 

AP (7) 


Fh(‘ hydraulic radius m is defined as the cross-scK'tlonal an^a 
divid(Ml by the w(d.t<(Hl pindmet-ei*. 

The (*(|uivalent lengtli L is equal to the total length of straight 
pipe plus the lengths of pipe that a!*(‘ (‘(juivahvnt to the restric¬ 
tions caused by elbows, valves, bends, etc. iMpiivalent lengths 
are usuall.y (^xpresscal as diameters of straight pipe. Table 22 
shows equivalent lengths for fittings at turbulent conditions of 
flow. The data by Walker, J.ewis, McAdams, and Gilliland-^ 
, are for all fluids, whereas the data of F. M. Van Deventer* 
are for somewhat viscous fluids (not water). VanDeventer* 
also states that for flanged fittings the ecpiivalent lengths 
should be decrciised by factors of 0.75 to 0.96. Equivakait 
lengths for viscous or streamline? flow are so small that they 
are usually neglected.^ Fanning’s etpiation is not valid for the 

* “Principles of Chemical Engineering/’ 3d ed., p. 86, McGraw-Hill Book 
Company, Inc., New York, 1937. 

* Catalogue 89 of Walworth Company. 

♦Wilson, M('.\d\ms, and Seltzer, Ind. Eng. Chem., 14, 105 (1922). 
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flow of gases if the pressure-drop is more than 10 per cent of the 
downstream pressure. 

The Fanning eciuatioii is usually used for both turbulent and 
streamline conditions, l)ut the friction factor is much larger for^ 
streamline conditions (Fig. 53). The J’oiseuille equation, which 


Tahle 22.—KgiTivALENT Lengths of Fittings for Turbulent Flow 




Diameters of straight 



pipe 

Fittings 

Xoininal size, in. 

-- 




M(; Adams 

Walworth 

• 

( V 2>i 

30 

22 

OO-doR. elbows. 

•3(i 

40 

22 


(7-10 

50 

22 

Uetnrn Ijciids: 




Streanilinc. 

2-1 

40* 


Scluare blo<*k... 

2-4 

80* 


C’lose. 

All sizes 


54 

IMpo bends. 

90 deg., radius of etaitc'r-liiK' 

10 



curve e(juals 2 -S diameters 




i 1-4, through side outhd 

(K) 

54 

1 e(?H. 

/ All sizes, straight through 


18 

Valves: 






45 

240 

Globe. 

h i\ 

60 

240 


(7 10 

75 

240 

Gate. 

1 2V2 

12 

9 


/TO 

! 16 

9 

Angle. 

.\11 sizes 

I 

120 


/Sharp edge, flush witli wall 

1 20 


Entry!. 

JSharp edge, extending into 

i 



\ reservoir 




V Rounded 

j None 


Meters. 


135-600 



i 




* General refinery i>ractice for pipestill Lends. 

t These losses can be coinimted more ac'^urately by enlarReiuent Uwh equat ion.v. 


does not involve a friction factor, may also be used for streamline 
flow. 

The Friction Factor. —The friction factor / in Fanning’s 
equation has always been troublesome to engineers. Reynolds 
in 1883 recognized the relation between the friction factor and 
the dimensionless group Dns/z, but extensive data with which 
to check the relationship were not available until later. The 
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Fio. 53.—Friction factor for isothermal conditions as a function of Reynolds’ criterion. 


































168 


PETROLEUM REFINERY ENGINEERING 


group Dusjz is known as Reynolds^ criterion. This factor can 
sometimes be handled more easily as 0.00682Qs/D2, in which Q 
eciuals gallons jjer hour. 

The relation between the friction factor and Dusjz for an 
isothermal system is shown in Fig. 53. Keevil and McAdams® 
have dc^termincd the effect of heating or cooling on the friction 
factor. 

The relation shown in Fig. 53 has been repeatedly checked' 
l)y numerous experimenters using a variety of materials, includ¬ 
ing water, air, natural gas, steam, oils, and solutions. Many 
empirical formulae for the pressure recpiired to pump oil have 
b(‘en prof)os(‘d. When th(ise formulae ar(i analyzcnl and inserted 
in the Fanning ecpiation, they yield fri(;tion factors that are in 
close agrecmient with thos(^ given in Fig. 53.® In gcuieral, the 
friction factor should l)e slightly higher than that shown in Fig. 53 
for small pipe sizes (less than 1) 2 i*'-) ^^^^d slightly less for pipe 
exceeding 8 in. in diametcu*. The value of Dus/z when pumping 
natural gas in comm(u*cial lines is very high' and cannot be found 
on Fig. 53. The value of the friction factor is l)etween 0.0033 and 
0.0045 for pumping natural gas at high pressures. 

Condition of Pipe Surface. —The friction factors shown in 
Fig. 53 ar(‘ for commercially clean new i)ipe and are smalkn* than 
those usually obtained in practice. TIk^ smaller the pipe the 
gn^atcu’ is the effect of the surface in increasing the friction 
loss. For very large pipe; the condition of the surface may be 
negl(»ct('d entindy. The friction loss in old or corroded small 
pifjes may l)e t wice as great as for new clean pipe. The factors 
shown in Tal)le 23 were published by F. L. Snyder.® 

Viscosity of Liquid-vapor Mixtures. —The viscosity of mixture's 
of oil vapor and oil is a particularly pertinent problem because 
such mixtures are so frequently handled in the refinery. When¬ 
ever a material is continuously heated in exchangers or tubular 
heaters, vaporization occurs, and the viscosity of the resulting 

• Chem. Met. Eng., 36, 484 (1929). 

® McAdams and Sherwood, Flow of Air and Steam in Pipes, Mech. Eng., 
October, 1926. 

^ Berwald and Johnson, Factors Influencing Flow of Natural Gas ...» 
U.S, Bur. Minesy Repts. Investigations Serial 3153, 1931. 

• The equations and data of Danforth, Twel, Bell, and McGregor have 
been checked in this manner. 

• Healing, Piping and Air Conditioning, January, 1935. 
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fixture of vapor and oil governs the pressure-drop. Apparently 
niily one article that pertains directly to this important problem 
\ 1 MS been published. Uren^° has conducted experiments regarding 

Table 23.—Effect of Surface Condition 

Correction 
Factor for 
Condition of 


Condition or Kind of Pipe Surface Surface 

Brass, copper, or lead (smooth). 0.9 

Steel, cast iron, or corrosion-resistant metal (new). 1.0 

Wood pipe or concrete lined (smooth). 1.2 

Riveted steel or old cast iron. 1.4 

Vitrified or old steel pipe. 1.0 

Old riveted steel pipe. 2.0 

Badly tuherculated pipe. 2.5 


the mechanics of flow in columns of mixtures of oil and aii*. By 
assuming that Reynolds^ criterion was valid for siu'li a (‘as(, 


Table 24.—Standard Fuliv-weight Wrought-iron and Steel 1Ti*b 


Nominal 

diameter, 

in. 

Diameter, 

approx. 

internal, 

in. 

Diameter, 

external, 

in. 

Tluek- 

nes.'i, 

in. 

Circumfereuco, 

in. 

Trans¬ 

verse 

internal 
area, 
sq. in. 

Ft. of 
pipe per 
8q. ft. of 
external 
surface 

Nominal 
weight 
per ft.- 
Ib. 

Inter¬ 

nal 

Exter¬ 

nal 

H 

0.27 

0.405 

0.068 

0.85 

1.27 

0.06 

9.44 

0.24 

H 

0.3G 

0.54 

0.083 

1.14 

1.70 

0.10 

7.08 

0.42 

H 

0.49 

0.675 

0.091 

1.56 

2.12 

0.19 

5.66 

0.57 

>2 

0.G2 

0.84 

0.109 

1.95 

2.63 

0..30 

4.55 

0.86 


0.82 

1.05 

0.113 

2.59 

3..30 

0.53 

3 64 

1.13 

1 

1.05 

1.316 

0.134 

3.29 

4.13 

0.86 

2.90 

1.08 


1.38 

1.66 

0.140 

4.34 

5.22 

1.50 

2.30 

2.27 

iH 

1 .61 

1.9 

0.145 

5.06 

5.97 

2.04 

2.01 

2.72 

2 

2.07 

2.375 

0.154 

6.49 

7.46 

3.30 

1.61 

3.66 

2H 

2.47 

2.875 

0.204 

7.75 

9.03 

4.78 

1.33 

6.79 

3 

3.07 

3.5 

0.217 

9.63 

11.00 

7.39 

1.09 

1 7.67 

3^ 

3.56 

4.0 

0.226 

11.15 

12.57 

9.89 

0.96 

9.11 

4 

4.03 

4.5 

0.237 

12.65 

14.14 

12.73 

i 0.85 

: 10.79 

G 

6.07 

6.625 

0.280 

19.05 

20.81 

28.89 

0,58 

18.97 

8 

8.07 

8.62.5 

0.276 

25.35 

27.10 

51.15 

0.44 

24.69 

8 

7.98 

8.625 

0.322 

I 25.07 

27.10 

50.02 

0.44 

28.55 

10 

10.19 

10.75 

0.278 

32.01 

33.77 

81.55 

0.36 

31.20 

10 

10.14 

10.76 

0..306 

31.86 

33.77 

80.76 

0.36 

34.24 

10 

10.02 

10.75 

0.366 

31.47 

33.77 

78.82 

0.36 

40.48 

12 

12.09 

12.75 

0.328 

37.98 

40.06 

114.8 

0.30 

43.77 

12 

12,00 

12.76 

0.375 

37.70 

40.00 

113.1 

1 0.30 

49.66 


Uren, Gregory, Hancock, and Feskov, Flow Resistance of Gas Oil 
Mixtures, Oil Gas J., Oct. 3, 1929, p. 148. 
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was able to compute values of the viscosity of these mixtures. 
The viscosities that he obtained in this manner were not a simple 
function of the viscosity of the gas and of the oil but were approxi¬ 
mately a linear function of the arithmetic mean density. The^ 
mechanics of fluid flow indicates that the viscosity of the liquid 
will be more important than the viscosity of the gas in governing 
the behavior of the mixture. The liquid will be thrown to the 
walls of the conduit and will not travel at the average velocity of 
the mixture. Likewise the specific gravity used in determining 
the friction factor should be nearly the gravity of the oil, but the 
specific gravity used in the Fanning, equation should be the 
gravity of the mixture. 


Example 20. Friction Loss in an Oil Line. —One thousand six hundred 
gallons per hour of a 15 A.P.I. (s ~ 0.966) fuel oil at a temperature of 200°F. 
is to h(i pumped through a distance of 1,700 ft. in a 3-in. well-insulated 
pipeline. Two gat(i valves and six elbows are in the line, and the oil enters 
a tank through a sharp-edge entry flush w’ith the side of the tank. The 
Sayl)olt viscosity of the oil is 300 at 210°F. What is the total friction loss 
in the line? Assume no (change in temperature. 

The viscosity of the oil at 200°F. (Fig. 48) is approximately 80 centipoises. 
The specific gravity at 200”F. (F'ig. 43) is 0.916. llie 1,600 gal. is the volume 
at 60®F. 

Volume at 200°F. = 1,600 X ~ 1,688 gal. per hr. 

1,688 X 231 

= (I0 7 F x ' 3:i4 ^ T2 = f*'- 

„ ^ 


L, the equivalent length (Table 22): 

1,700 ft. 

61.4 

8.2 

5.1 

1,774.7 ft. « total equivalent length 

According to the data, the viscosity is related to the density approxi¬ 
mately as follows: z =* —0.00055 -f 0.00032s. Doubtless this relation is 
not-of a general nature and is not valid for other gases than air and for other 
oils than the one that they studied. The relation holds between limits of 
24 and 120 cu. ft. of air per gallon of oil. 


Straight pipe 
Elbows. 

dates. 

Entry. 


6 X 40 X 3.07 

. ~i2 

2 X 16 X 3.07 
'12 

20 X 3.07 
12 
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. sing Fanning's equation, Eq. ( 6 ): 


Pits 

z 


3.07 X 1.21 X 0.916 
80 


= 0.043 


The friction factor / from Fig. 53 = 0.047 


A/'/ 


0.323 X 0.047 X 0.916 (1.21)* X 1,774.7 
3.07 


11.82 lb. per sq. in. for 
clean new pipe 


(’heck with the equation 

1.488 Q* . 

100,000 

1.488 X (1,688)* X 0.047 X 0.916 X 1,774.7 _ ,, 07 
100,000 X 273 

Example 21. Friction Loss in Vapor Line. —Four thousand pounds per 
liour of a 55 naphtha vapor at a temperature of 300°F. passes througli 

a 4-in. vapor line that is 130 ft. long. The molecular weight is 110. '^rho 
pressure is 5 lb. gage. What is the pressure-drop? 

\'olumc of vapor 


A/V - 


4,000 

ilo 


760 14 7 


Viscosity at 300®F.: 

Critical temperature (Fig. 35) — 575°F. 

^ Critical pressure (Fig. 42) = 450 11). per sq. in. abs. 


Redu(*ed temperature 

Redu(;ed pressure 
Viscosity (Fig. 49) 

Specific gravity 


300 4- 460 
575 -h 460 


= 0.735 


= 0.045 approx. 


= 2 % 

= 0.008 centipoise 

___ _ Q (X)427 = 8 

15,000 X 62.4 


15,000 ^ 144 

“ = 37600 X ^73 =47.0 ft. per sec. 

Dus 4.03 X 47 X 0.00427 _ ^ 

aoos ~ 

/ = 0.0044 (Fig. 53) 

. 9:323j<J0^^ ^ 0.433 lb. per sq. in. 


Other Pressure Losses.—The losses due to increasing or 
decreasing the cross-sectional area of a conduit suddenly are 
sometimes relatively large. The loss due to a sudden enlarge¬ 
ment of the cross section may be expressed fis follows: 


Ahe 


(U2 - UiY 

2g ^ 


or APe = 0.00673s(u2 — '^0* (8 ) 
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where AK = pressure-drop expressed as ft. of fluid. 

APe = pressure-drop, lb. per sq. in. 
s = sp. gr. 

U 2 — velocity, ft. per sec. at smaller section. 

Ui = velocity, ft. per sec. at larger section. 

The loss due to a sudden contraction in the cross section is 

APc = O.mylSksul (9) 

where Pc = pressure drop, lb. per sq. in. 

k = a constant (Fig. 54). 

U 2 == velocity, ft. per s(‘c. at the smaller section. 



Aj. Larger Area 

Vicj. 54.- -Constant for oontraction losses. 

Example 22. Contraction and Enlargement Losses. — 4. Sixteen hun¬ 
dred gallons per hour of a 1.5 A.P.I. oil at a teui])erature of is puini)ed 

through a 3-in. pipeline. .\ eontiartion to a 1-in. pipe occurs. What is 
the loss in pressure due to the eontra(dion? 

- O.OOf)73A'6w5 

1,000 

3,WX7.4S 

Urj = —0 g(Vq44 ~ (^^'^^stream) 

Ratio of == = 0.110 
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k from Fig. 54 = 0.465 

APc - 0.00673 X 0.465 X 0.966 X (9.95)* = 0.299 lb. per sq. in. 

B. The oil then flows back to a 3-in. pipe from the 1-in. pipe. What 
4 is the loss in pressure? 

U 2 = 9.95 (upstream) 

U\ = 0.116 X 9.95 = 1.15 ft. per sec. (downstream) 

AP. - 0.00673(9.95 - 1.15)* X 0.966 - 0.503 lb. per sq. in. 

Weirs, —In refinery design the two most important weirs arc' 
the rectangular or suppressed weir and the V-not(;h weir. Botli 
Mix^ used in the design of the overflow dams in bubble-towers. 
The formula for flow over a rectangular weir is 

Q = SLihf^ (10) 

whore Q = quantity of liquid, gal. per min. 

L = perimeter of weir, in. 
h = effc'otivc lu'ad abov^e weir, in. 

Francis (1851), Hamilton Smith (1886), and Bazin (1888) 
suggest- constants bet ween 3.33 and 3.7 for water, but th(' value of 
3 seems to represent more accurately the bcdiavior of pcdrok'um 
oils. The constant holds only up to heads of 5 or 6 in. and 
perimeters of 24 in. The formula for the triangular weir having 
an angle of 90 deg. is 

Q = 2.ZLih)-^ = (11) 

Triangular weirs are useful if the capacity of a rectangular wc'ir 
must be increased without increasing the head or the perimetc'r. 



CHAPTER XI 


COMBUSTION 

Tlio generation of power and the liberation of heat are impor¬ 
tant operations in almost all industries. The generation of heat 
in the petroleum industry is a somewhat different problem from 
that in other industries because fuel is abundant and cheap 
and because petroleum, the feed-stock, is affected by high 
temperatures. 

Heating Value. —The amount of heat liberated when a unit 
(luantity of a fuel is burned is called the h('ating value or heat 
of combustion. The heat liberation, when 1 lb. of a fuel at 
f)()°F. is burn(‘d and the products of combustion are cooled to 
()0°F,, is (;all(^d the 7iet heating value. If the products an^ cooled 
to 6()°F. and in addition the water vapor in the flue gas is con¬ 
densed, the gross or high heating value is obtained. In most 
industrial processes the water vapor contained in the stack oi\^ 
flue gas(%s is not/ condensed, and hence the most logical basis for 
the d(*sign of ecpiipment is the net heating value. Continental 
engineers use the net heating value, but Ameri(*an engineers 
usually base thevir computations on the gross heating value. 
The reason for the general use of the gross heating value is 
probably due to tlu' fact that the gross heating value is obtained 
in the laboratory dir(H*tly whereas a correction must be applied 
to ol)tain the net luxating value. 

The heat that is evolved when 1 lb. of water is condensed at 
60®F. is 1058.2 B.t.u. or for 1 cii. ft. of water vapor (measured at 
6 ()°F.) 50.3 B.t.u. The net heating value can be computed from 
the gross heating value by subtracting the quantity of heat that 
is required to condense the water vapor in the flue ga»s. 

Example 23. Calculation of Net Heating Value. —Wliat is the net 

heating value of methane expres.secl as H.t.u. cubic foot? 

CII4 -f 2 O 2 « CO 2 + 2 H 2 O 

One cubic foot of methane burns and produces 2 cu. ft. of water vaix)r. 
The gross heating value of methane *= 1009 (Table 26). 
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Net heating value =* 1009 — 2 X 50.3 = 908.4 B.t.u. per cu. fl. 
C’oinpute the net heating value of fuel oil 1 in Table 25 (page 170) 

H2 + = H.O 

rhe molecular weight of hydrogen is 2 and of water 18. Two pounds 
of hydrogen bums, yielding 18 lb. of water. 

Water produced per lb. of fuel = 0.12 X ^^2 == 1.08 lb. 

Gross heating value from Table 25 is 19,370 B.t.u. per lb. 

Net heating value == 19,370 - 1.08 X 1058.2 = 18,234 B.t.u. per lb. 

Refinery Fuels. —The heating value of })(‘troleiiin-oil fi ad ions 
jncreases with gravity as shown in Fig. 50 (])ag(‘ 128). ''liable 
25 indicates the characteristics of the solid and liquid finds 
that are used in the refinery. In this table the heating value, 
])Ounds air per pound fuel, and th(^ percentage of carbon dio.\ide 
were computed on the ‘^as fired))asis. Although the luaiting 
value is of some import ance in the sek‘ction of a fmd, th(‘ viscrosity 
and atomizing properties of the oil are usually more* important. 
Viscous fuel oils must be heated in order to obtain adeMiuate 
atomization. 

Natural gas and cracked gas are also used i^xt.ensively as 
refinery fuels. Gas is mon^ easily fired than solid or litpiid fuels, 
but it has th(5 minor disadvantage of producing a long flamc! and 
a flame that is often do'ficient in its ability to radiatt' heat. 
Some of the characteristic's and combustion constants for gaseous 
fuels are given in Table 26. The table is for gas(‘s that, contain 
no air or inert gases. Inert gases arc' usually present in amounts 
ranging from 1 to 10 per cent, and hence the luxating valu(?s of 
commercial gases will range from 11 to about 206 B.t.u. lower 
than shown in the table. The flames produced by wet gases, 
particularly wet cracked gases, are almost as luminous as oil 
flames and are good radiators. 

Combustion Reactions. —The fundamental reactions involved 
in combustion are shown in Table 27. If the ultimate analysis 
of the fuel is available, these equations are all that are required 
to solve many combustion calculations. 

An examination of these chemical equations yields information 
concerning (1) the weights of materials that react and (2) the 
volumes of gases that react. For example, reaction 1 indi- 
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Table 26. —Gaseous Fuels 
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cates that 1 cu. ft. of hydrogen reacts with one-half of 1 cu. ft. of 
oxygen to produce 1 cu. ft. of water vapor. Likewise reaction 6 
shows that one volume of methane requires two volumes of 
oxygen for combustion. One volume of carbon dioxide is pro-, 
duced, and two volumes of water vapor. Volumes are directly 


TaHLE 27. -(V)MBTTST10N REACTIONS 


Ileaniion 

1 

i 

Fuel name 

Mol. 

wt. 

Heating 
value, 
B.t.u. per 
lb. 

Lb. air 
per lb. 
fuel, no 

excess 

1. Hi + >20i - HiO. 

Hydronen 

2 

62,000 

34.8 

2. C f Oi » COi. 

Carbon 

12 

14,600 

11.6 

3. C f hiOi - CO. 

Carbon 

12 

4,440 

5.8 

4. CO *+* “ COi. 

Carbon monoxide 

28 

10.160 

2.48 

5. S f Oi « SOi. 

.Sulfur 

32 • 

4,050 

4.35 

fi. CHi f 201 *= COi 1 2IIiO. 

M ethane 

16 

23,800 

17.28 

7. CiH4 f 30i « 2(T).. 1- 211-0. 

I'U.hylene 

28 

21,000 

' 14.81 

8. CiHfl 4- 60i - 2002 + HHiO. 

Ethane 

30 1 

22,650 

16.13 


proportional to mols, and hen<*(' the number of mols that react 
are din^ctly proportional to the numlx'r of volumes that react. 
The mol(‘cular weight of nK'thain^ is 16 and of oxygen 32. With 
refereiure to reaction G, 16 lb. of methane reacts with 2 X 32 lb. 
of oxygen to produce 11 lb. of carbon dioxide and 2 X 18 lb. of 
water. A knowledge of these elemtmtal combustion reactions, 
along with data on sp(‘cific. heats of the gaseous products, con¬ 
stitutes the basis for almost all coml)ustion calculations. 

These reacdions do not take place compk'tely to the formation 
of the products indicat-(*d in Table 27 uidess an excess of oxygen 
or air is present. The extent to which the reaction will be 
completed can be computed by applying the law of mass ac^tion, 
but such computations are of little value in commercial work. 
In firing a commercial furnace the use of too little excess air is 
evident at once by caibon monoxide or even smoke in the stack 
gas. Carbon monoxide is seldom found in the flue gas from oil 
stills because at le:ust 30 per cent excess air is normally used 
in order to keep a low furnace temperature, and no carbon 
monoxide is produced under these conditions if effective burners 
are used. High furnace temperatures tend to cause the forma¬ 
tion of coke in the tubes or still. Not many years ago furnace 
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(irsigncrs felt that 75 per cent excess air was necessary to keep 
furnace cool, but modern methods of furnace design permit 
tji(‘ use of as little as 20 per cent excess air. 

Ilie pounds of air required for the combustion of a pound of 
V i can be stated as an equation by the use of Table 27. The 
symbols refer to the pounds of hydrogen, carbon, sulfur, and 
oxygen that are present in a pound of fuel. 

Lb. air required per lb. of fuel (no excess) = 

34 . 8 H 2 + 11.6C + 4.35S - 4 . 3 IO 2 (12) 

The pounds of flue gas per pound of fuel can be o])tained by 
adding 1 to the pounds of air per pound of fuel. The molecular 
jiveight of flue gas including the water vapor that it contains is 
approximately 30. 

Example 24. Weight and Volume of Flue Gas. —Fuel 1 in Table 2r) is 
to be burned with 40 per coni excess air. How many pounds of flue ^as 
will be produced per pound of fuel, and what will the volume of the flue gas 
be at 600“F.? 

Assume half of the 1.1 per cent of Nu and Oi* is oxygen. 

Lb. air (no excess) = 34.8 X 0.12 H- 11.0 X 0.801 + 4.35 X 0.0035 - 

4.31 X 0.0055 = 14.171 

^J). air at 40 per cent excess = 14.17 0.4(14.17) - 19.84 

Lb. flue gas = 19.84 -f I = 20.84 

Volume at 600°P. = -f- X 379 X = 53(i cu. ft. 

30 520 

Specific Heats of Combustion Products. Th(^ heat contained 
in the flue gas as it enters the stack is an important it(*ni in a 
heat balance. Figurt^ 55 is a chart sliowing the sensible heat 
conteuit of the several gases that are found in flue gas. Tlie 
Hcnsihle heat content may be defined as the amount of heat 
re(iuired to change the temperature of a quantity of material 
from one temperature to another by simple heating. No changes 
of state, such as vaporization or fusion, are involved. 

Sensible heat content = W{T 2 — T])Cp 

where W == lb. material (Ib.-mols in Fig. 55). 

T 2 = final temperature, deg. F. 

Ti = initial temperature, deg. F. 

Cp = average sp. ht, at constant pressure, B.t.u. per lb. 
through the temperature range of and Ti. 



B.t.u. per Pound-Mol 
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Figure 55 is plotted on a mol basis because the diatomic gases— 
oxygen, nitrogen, carbon monoxide, air, etc.—can be represented 
by a single curve. The same applies to other groups of gases. 
The figure gives the number of B.t.u. required to raise the 
temperature of 1 lb.-mol of gas from 32°F. to the desired tempera-' 
tim\ The upper and left scales are for temperatures up to about 
150®F., and the lower and right scales arc for higher temperatures. 


Temperature, Degrees Fahrenheit 



Fro. 65.---Sensible heat chart of common pases (basis 32°F.). 


Example 26. Use of Sensible Heat Chart for Gases (Fig. 66). —One 

thousand cubic feet of a flue gas is cooled from UXK) to 1(X)°F. Analysis 
of gas: COif 10 per cent; H 2 O vapor, 12 per cent; O 2 , 3.7 per cent; and Na, 
74.3 per cent. How much heat must be removed? 


Mols COa 
Mols H 2 O 


1000 X 0.10 


379 

1000 X 0.12 
"379 

1000 X 0.743 




1000 X 0.037 


= 0.264 
= 0.316 


= 2.057 


Mols diatomics 


379 


379 


per Pound-Mol 
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Sensible Heat, B.t.u. per Mol 


Material 

At 1000° 

At 100° 

CO 2 . 

9850 

580 

H .0. 

8650 

610 

Diatom icB. 

7000 

478 



Heat removed from CO 2 = 0.264(9,850 ~ 580) = 2,445 B.t.u. 

Heat removed from H 2 O = 0.316(8,650 ~ 610) = 2,540 

Heat removed from diatomics = 2.057(7,000 — 478) = 13,400 

Total heat removed == 18,385 B.t.u. 

Although heat quantities must sometimes be computed as in 
^Example 25, the charts (Figs. 56, 57) arc more convenient and 
are sufficiently exact for most computations. These charts a^-e 
based on tiie net heating value because idle net heating value is a 
more honest basis for efficiency calculations than the gross heating 
value. Although these charts were computed for specific fuels, 
they can be used for other similar fuels without great inaccairacy. 
They should not be used for computations with fuels that are 
abnormal. The subject of heat balances and material balances 
^will be discussed more completely in Chap. XII. 

Example 26. Use of Combustion Charts (Figs. 66, 67). —A 20 A.P.I. fuel 
oil is l)urnod, and the gases arc cooled to 300°F. The heating value of the 
fuel is 17,900 B.t.u. per lb. net; carbon dioxide, 13 per cent. How much 
heat is lost to the stack, and how many pounds of flue gas are produced? 
Ihisis: 1 lb. of fuel and 60°F. (Fig. 56). 

At 13 per cent CO 2 the percentage of excess air is approximately 23. 
Heading between the 15 and 25 per cent excess air curves, the heat lost to 
the stack at 300°F. is about 6.3 per cent. This amounts to 0.063 X 17,900 
or 1130 B.t.u. per lb. of fuel. Also, 14.7 lb. of flue gas or 13.7 lb. of air is 
recpiired to burn 1 lb. of the fuel if no excess air is used (Fig. 56). At 23 per 
> cent excess air the pounds of flue gas are 

13.7 X 1.23 + 1 - 17.9 lb. per lb, of fuel. 

The Burning of Oil Fuels. —In refineries or small boiler plants, 
fuel oil can usually be burned more efficiently than coal or gas. 
However, large stoker-fired coal furnaces or powdered-fuel 
furnaces are about as efficient as oil-fired furnaces. At low 
^ firing rates the steam-atomizing oil burner is most satisfactory, 
but at high firing rates the mechanical-atomizing burners are 
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f ^'oferrcd. Steam-atomizing burners are widely used in the 
efinery. 

In order to fire an oil fuel successfully and economically, the 
follo\\ang factors should be considered: 

1. The burners must be designed so that the oil is effectively atomized. 

2. During the atomization the droplets of oil must be brought into contact 
with enough air (primary air) to assure continuous combustion. 
Iinrnediately after atomization the oil spray must be heated to cause 
vaporization and to promote combustion throughout the entire volume 
of air-fuel mixture. Tliis is usually accomplished l)y the use of a fire-clay 
firing-tunnel through which th(^ flame passes into the combust ion space, 
l-'ailure to vaporize Jind ignite the flame rapidly results in a long flame 
tliat tends to impinge on the heating surfaces or the furnact; walls. 
>S(‘C()ndary air must be available to the flame as it leaves the firing-tunnel. 
•1. 'Die furnace (iombustion space must be ample for a normal length of 
travel of the flame. The burners and heat ing surface must be arranged 
so that impingement do(*s not take j)lace and so that all parts of the? 
heating surface arc as nearly as possible at an etpial distance from the 
flanu?. Flame impingtunent or local overh(*ating is important in boilers 
but not so vital as in oil stills. Oils are sensitive to h(‘at, and a condition 
of local ON'orheating may cause (a) discoloration of 1h(^ ]n'oduct and 
subse(iuent experjsive treating operations, (h) a loss in viscosity of the 
lubricating-oil stocks, and (c) in (‘xtreme cases a serious decomposition 
with the formation of gas, lowt^r boiling oils, and coke. 

Atomizing.—The 8uec(>.ss of oil firing rests largely with the 
ohtainmeiit of prop(‘r atomization. Th(' atomizing propt'rlies 
of an oil depend on tlie viscosity and to some* exDuit on the surfaces 
t(*nsion. In general, it appears that atomization is not effective 
unless the viscosity of the oil is below about 30 centipoiscs at 
the temperature at which the oil is f(‘d to the burner. This 
coiTf^sponds to an approximate Universal Say bolt viscosity of 
150 sec. at tlu^ firing lem})orature. In a still more general way 
the pro])er temperature can be estimated from the gravity of 
th(‘ oil. The Babcock and Wilcox Company suggest 


A.P.I. 

1 ! i ! I 1 

! 11-13 1 M-lfi 1 15-17 ! 17-20 1 20-24 j24-30 

Dee. F 

:29n-940 9f)O-920;i RO-100 140-1 »n 1 (kV-140 80-1 no 

! 1 i 1 ! I 


This tabulation should serve only for estimates, because many 
10 A.P.I. cracked find oils do not need to be heated and some 
20 A.P.I. naphthene.residues must be heated to 18()°F. 
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Th(‘ amount of steam recjuired for atomization is also dependent 
on thf‘ v'is(*osity, hut it is influene(‘d more })y the care used by the 
finunan and by th(‘ rat(‘ of firing than })y th(^ viscosity. In 
modern pipestill practice th('s<(‘ain consumption usually amounts 
to about 0.4 lb. of steam per j)ound of oil. Surveys of boiler 
pra(;tic(‘ indi(*at(‘ that the st(‘am consumption of burners amounts 
to from 0.5 to S per C(‘nt of the total st(‘am tliat is generated. 
This corn‘sj)onds to 0.1 to 1.2 lb. of st(‘am per ixMind of fuel oil. 
Thus an important inetfieic'iicy can exist without attractirig much 
att{‘ntion. 'FIk* st<'am co/i'-umption for different rat(‘S of firing 
can b(‘ (‘stimat(‘d from Tig. 58. 4'h(‘S(‘ data’ were* obtained with 



Kn>. 5S. Stojiui to utonii/.o oil. {(irhhardt, ''Stram Powir Plant Erif/i- 

fiifrinu," ’Jahu Wilt t/ tt* Sons. Xnv York.) 


the use of Tlammel oil burntTs. For st('am-atomizing buriu'rs 
the oil shtnild lu' at a pressure of U) to 00 lb. p(‘r scpiare inch at the 
burner. 

Mcx^htmic'al-atomizing burners have not Ix'en geni'rally used 
in th(' oil industry. How('V('r, a mechanical buriu'r or a combina¬ 
tion steam- and mechanit al-atomizing bunu'r is useful when firing 
inferior fiu'ls, such as crackl'd residui's that contain suspc'iided 
carbon or acid sludgi's from lubricating oil treating. These 
inferior fuc'F aw supplit'd to the burner at 200 to 300°F. and at a 

KIrbuardt, (J. F.. “Steam Power Plant Fngineering,” 6th ed., p. 256, 
John Wiley A’ Sons, Ine., Xt'w York. 192S. 
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pressure of 100 to 200 lb. per square inch. Acid sludge, without 
Miiy treatment, can be burned in some mechanical burners, but 
more often the sludge is hydrolized with water and allowed to 
settle. Sludge may also be mixed,with fuel oil and burned, 
riie mixing is facilitated by heating to a temperature not 
exceeding 155°F. Gentle rolling with compressed air and recir¬ 
culation by means of a pump (through filter screens) are the 
nu'thods usually employed. Acid sludge is not a good fuel, but 
it must be disposed of, and burning is one of the simplest solu¬ 
tions to a troublesome probkmi. 


P/pesflf/s 



Fig. 59, - Circulating .sysUnn for fuel oil. 


Fuel Oil Circulating System.- The fuels that, an* burned in 
tlH‘ refinery art* often liardly more than wastt* iiroducts. Tars 
that art* almost st)lid aie ct)mmon. Such fuels must be heated 
in order to pump tht'in to tht* burners, and tht'y must bt* circulated 
continuou.sly past the burner to prevent solidification in the line, 
^riit* gt'iieral metliod of circulation is indicated in Fig. 59. In 
large plants the circuit may be so long that a system of parallel 
flow must be used. In the parallel system a small flow of oil 
must be maintained in each of the parallel branches. 

Individual circulation systems are often maintained for each 
pipestill. With such an arrangement tlic rate of firing may be 
controlled by regulating the pressure in the fuel line without 
vi.siting the burner. The pressure may be conveniently regulated 
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at a central control board. Such a system is not satisfactory 
unl(\ss clean, fluid fuels are available and unless minor adjust- 
in(;nts of the firing rate are all that are necessary. 

Combustion Data.- In computing an a(*curate heat balance as 
('xplained in Chap. Xll, certain laboratory data are necessary. 
Among th(‘S(i data are (1) the heating value of fuel, (2) ultimate 
analysis of fu(‘l, and (3) Orsat analysis of the flue gas. The 
[jeating value of a solid fuel may be determined by the bomb 
m<*tliods- using any of the common bombs such as the Atwater, 
KriKTson, Tarr, or Williams. The heating value of gaseous fuels 
is determin(‘d in Junkers-type^ calorim(‘ters^ such as the Sargent 
(•alorimeter. 3'he ultimate^ analysis of fuels showing the per- 
(•(‘utage of carl)on, liydrog(‘n, etc., is determined by burning a 
sample of tJie fuel und(‘r controlled conditions and absorbing the 
various constituents of tlu^ combustion gas in chemical solutions. 
'l"h(\se solutions are tluui analyz(‘d l)y the regular quantitative 
(‘h(*m ist ry inth ()ds. 

The Orsat-t yi)(' apparatus-** for the analysis of flue gas is offered 
in many modifications such as th(‘ Ilay^s portable analyzer, 
Williams’, Orsat-liUng(‘, etc. Carbon dio.xide, sulfur dioxide, 
oxyg(‘n, carbon monoxide, and nitrogen (V)y difference) can be 
detc'rmiiuMl in tliese e(iuit)m(‘nts. The carbon dioxide is absorbed 
by a solution of caustic soda, and any other acid gases, such as 
sulfur dioxide' and hydrogen sulfide, are absorbed with the 
carbon dioxide' and are re'})ort('d as carbon dioxide. The flue 
gas is (a)ole‘d to room t('ini)eratui*c during the analysis, and 
he-nct' most of the wate'i* vapor that it contains is condensed, 
ddius tli(' Orsat analysis is not tlie analysis of the gas that is 
pre'se'ut in the furnace or stack be'cause the gas in the furnace 
(‘ontJiins water vapor. The' analysis of the flue gas including 
the water vapor must be obtaiiu'd by cahmlation. 

Example 27. Analysis of Flue Gas from Fuel Analysis. —Fuel 1 in 
Table 25 is Inirned with 50 per cent excess air. C’oinpute the Orsat analysis 
of the flue and tlie analysis of the flue gas including water vapor, 
llasis: I lb. of Fuel 1. 

* Petroleum Products and Lubricants, Report of Committee D-2, A.S.T.M., 
2(>0 South Rroad Street, Philadelphia, Pa. 

* White, .\. II., ‘‘Technical Gas and Fuel Analysis,” McGraw-Hill Book 
Company, Inc., New York; Gill, A. H. ‘‘Gas and Fuel Analysis,” John 
Wiley & Sons, Inc., New York. 



COMBUSTION 


187 


Mols C = = 0.0717 

n 12 

Mols Hj = ^ 


Mols S 
Mols Na and O 2 


0.0035 

32 

0.011 

30 


= 0.0001 

= 0.0004 (assume half and luilf) 


Oxygen re(iuired (see Table 27): 


For carbon: 

0.0717 X 1 = 

Mol 

0.0717 

For hydrogen: 0.06 X 0.5 = 

0.0300 

For sulfur: 

0.0001 X 1 = 

0.0001 



0.1018 


T • f 1 0.0004 

Less oxygen m fuel: — —0.0002 

Oxygen required (no excess) = 0.1 OlO 

Excess oxygen (or air) = 0.1016 X 0.5 = 0.0508 

Oxygen required at 50 per cent exces.s — 0.1524 

(’oinposilion of air by volume is N 2 79.1 and O 2 20.9 per cent. 

79 1 

Nitrogen with tins oxygen: 0.1524 X “ 0.577 mol 

20. »> 

Nitrogen in fuel: = 0.0002 mol 

Nitrog('ii in flue gas ~ 0.5772 mol 


Ohsat Analy.sis 


Material 

1 Numl)er of mols 

.Per cent. I>y volume 

('O 2 (ami .SOj). 

1 0.0717 and 0.(K)OI 

10.25 

O 2 (exce.ss). 

1 0.0508 

7.26 

N, . 

0.5772 

82.49 

Total. 

i . 

i 100. (K) 

Actual Analy.sls in Furnace 

Material 

Number of mols 

Per cent bv volume 

1 

COa (and 80 -). 

0.0718 

9.4 

CL. 

0.0508 

6.7 

N,.. 

0,5772 

76.0 

ILO*. 

0.0600 

I 

7.9 



100.0 


Table 27. 
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CHAPTER XII 

HEAT AND MATERIAL BALANCES 

The computation of heat, material, energy, volume, and weiglit 
balances is doubtless the most important type of computation 
that is available to tiie engineer. Pracdical probh'ins always 
iin olve energy or material balances in sonu' phase of theii* solu¬ 
tion. These computations are used so gtaierally that they aie not 
always i(‘cogiiized as such. 

Basis for Computation.- The selection of tlu' basis for com¬ 
putation is an imi)ortant factor in tlu' (‘ase of solution of a 
j)robl(‘m. In the solution of gtis problems the most common 
l)asis is 1 cu. ft. (or 100 cu. ft.), measured at (U)°F. Oil (*omputa- 
tions are usually bas(‘d on the gallons of oil ptu* liour, intaisured 
at ()()°F. FractionMting-tovv(U’ ]ieat-balanc(‘s are comput(‘d a})()ut 
the temperature datum of (1) the t(‘m|>(‘rature at. tin* \’aporiz('r 
section of the tower or (2) the temperature' at the* top plate*. 
\'e)hiine's e)f e)il, A.P.I. gra\'iti(‘s e)r spe'e'ifie^ gravitie's, and luxating 
A'aiiK's are* usually stat.eei at (KFF. Analyse*s of oils are usually 
state'd as pe'rce*ntage by ve)lume; gas analyse's are* given as 
p(‘re*entage by ve)lume or me)l per e*eiit; and analysc's e)f se)lids are 
giveai in ])ere‘entage ])y weight. 

The ine)h*cular we‘ight is a funelamental physieail anel cheunical 
unit, and ce)mputatie)ns may e)fte‘n be sim])lifie‘d by using the 
pounel- or gram-mejl jis the basis. The* numbeu* of computations 
is often cut in half by the* use e>f the mol bfusis. This is particu¬ 
larly true if chemical reae*tions occur. Pe>imd-mols of a gas 
(pe'i'fect) may be converted to volume, measurc'd at 60°F., by 
multiplying by 379. Alois may l)e cemvea-ted t.e) pounds by multi¬ 
plying by the molecular weight. The? ine)l basis may be us(*d 
during the calculation, and the final quantities converUid from 
inols to pounds or cubic feet as the final step in the calculation. 
By Avogadro\s hypothesis, eejual ve^lumes of gases contain the 
same number of molecules or mols. Hence the number of inols 
^liat react together is directly proportional to the volumes of gases 
that react, and volume percentage is proportional to mol per- 
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contage. Likewise Dalton^s law of partial-pressures states that 
th (5 fraction of the total pressiin; exerted by a gas in a gaseous 
mixture is proportional to its volume percentage in the mixture. 
Thus tlie following useful generalization concerning gases is 
possible: 

Volunu‘ p(‘r c(‘nt = mol per cent = pressure per cent 

(partial-pressure) (13) 

Many of th(^ difficulties in the solution of problems arise 
because' of a hazy concei)tion of the basis upon which the com¬ 
putation is based. This is ])articularly noticeable with students, 
l)Ut even practicing (‘ngineers are fretpiently confused over the 
basis of a prol)lem. In order to clarify the stHiuence of thought 
in a computation, the basis should l)e clearly stated at the 
beginning of tlu* calculation. If it becomes convenient to adopt a 
new basis during the calculation, a stat(?ment of the new basis 
indicating its n'lation to the old basis should be ins(‘rt(?d. 

Conversion Constants. —In the solution of energy and material 
balances it be(M)m(‘S nec(‘ssary to convert (uiergy or mass from 
OIK' f(n in to anoth('r. TIk? following is a list of a few" of the more 
im[)ortant convc'rsion constants: 


1 in. 

1 ft. 

1 11 ). 

chjmg(‘ in tiMiiperMtiiro 
JX'g. Kelvin 
Dog. Han kin 
Dog. K. 

Dog. V. 

1 standard pcd roloiiin barrel 

1 bbl. per day 
I oil. ft. 

1 gal. 

Density of water at 60^F. 

1 atm. at sea level 


I lb. per sq. in. 


— 2.54 cm. = 25.4 mm. 

= 0.3048 m. 

— 0.4530 kg. (1 kg. = 2.204 lb.) 

= change* in temperature 

= deg. 0. abs. = deg. C. -f 273 

— deg. F. abs. = deg. F. -j- 400 
= (deg. C. -|- 40)1.8 — 40 

— (deg. F. +40) 1.8 - 40 

= 42 U.S. gal. (sometimes 50, lubricating-oil 
barrel 55) 

= 1.75 gal. per hr. 

= 7.48 gal. 

== 3.786 1. = 3,786 cc. 

== 8.328 lb. per gal. 

= 62.37 lb. per cu. ft. 

— 760 mm. of mercury 
= 29.92 in. of mercury 
== 14.697 lb. per sq. in. 

~ 34 ft. of water 

= 2.31 ft. of water 
~ 51.7 mm. of mercury 
= 0.0703 kg. per sq. cm. 
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\ g.-mol volume 
1 volume 


J91 


1 kg.-cal., 

1 cal. per g. 
I B.t.ii. 

T kw.-hr. 


= 22.41 1. at 0®C. and 7(H) mm. 

= 359 cu. ft. at 32“F. and 760 mm, 

= 379.4 eii. ft. at 60°F. and 760 mm. 
= 3.968 B.t.u. 

= 1.8 B.t.u. per lb. 

= 777.5 ft.-lb. 

= 1.341 hp. 


Conservation of Mass. —The familiar law of the conservation 
of mass forms the basis for material-balance comj)utalions. 
Tliis law is often stated as “The total mass of a system is the 
same b(‘for(' and after a chemical or physical (diange occui-s.’’ 
The application of this law to engineering probl(*ms is indeed 
simid(', and often the engineer applies the law without e\en 
lecognizing it. Stated in perhaps a simpler way, it ma>^ be said 
tliat all that goes into a processing systcun must come out of th(‘ 
system. 

The importance of the basis that is used in a cakailation is 
illustrat(‘d by Example 28, 

Example 28. Conservation of Mass. —One thousand pounds of a solid 
containing 25 per cent irioistun^ by weight is dried until it contains only 
1 per cent l>y weight. How much water must l)e removed? 

Basis: 1 lb. of dry solid. 

Into proc(‘ssing system, 1.0 lb. of solid carries with it 1 X 0.25/0.75 or 
0.333 11). of water. One pound of solid must also haive the system. 
Moisture leaving system. 


0 99 ^ "" 0.0101 ll). of water 

Water nunoved per 11>. of dry solid = 0.3232 
3 ot al wat('r nunoved, 

750 X 0.3232 = 242 II). 

Any other basis than the dry-solid basis would probably have led to 
•undue complicrations, and j)('rhaps errors might have arisen because of a 
l)<*fuddl(‘d conception of the l)asis. In many proc(?ssing systems the mate¬ 
rials entering and leaAung the system are mea.sured by volume rather than 
by w(‘ight, and in such cases it is always safest to convert all quantities to a 
weight l)asis. 

Example 29. Gravity of Residue by Material Balance.- —A 37 A.P.I. 
crud(‘ oil is being proee.ssed for the production of 30 per cent of 55 A.P.I. 
gasoline, 10 per cent of 42 A.P.I. kerosene, 15 per cent of 36 A.P.I. gas oil, and 
a residual stock. The percentages are by volume measured at 60°F. What 
is the A.P.I. of the residual stuck? 

Basis: 100 gal. of crude oil measured at 60‘'F. 
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Material 

Per cent by | 
volume 

A.P.I. 

Lb. per 
gal. 

Lb. 

(.ia.s(»linc. 

30 

55 

6.316 

"189.5 

Kerosene. 

10 ’ 

42 

I 6.790 

67.9 

Gas oil. 

15 

36 

7.034 

105.3 

Kesidvx:. 

! 45 

? 

? 

? 

Oude. 

1(K) 

I 37 

6.993 

699.3 


IViunds r(‘sirluf‘ stock, 

f)<K).3 - ri80.r» + 07.9 f 105.3) - 336.6 
I)cnsily of rcsiduf; stock, 


336.6 II 1 

45 ~ ^ 

d'l»is corroHponds to an A.IM. of 26. 

d’his met 1 ) 0(1 of solution is satisfactory because petroUnim oils l)ehavo 
as almost pun* solutions. In other words, if 1 ^al. of oil A i.s mix(Ml with 
I pil. of oil H, the* resultant volume* is 2 K^d. (V;rtain li(|uid eoinbiiuitions, 
such as alcohol-water and sulfuric acid-water, do not behave thus. 

Conservation of Energy. —TIk' hiw of consen t'at ion of energy 
is of inon* gciKual uscfidiu'ss than llie law of conservation of mass. 
'Phis law is also cnlled tlie fird law of thirrnodynamics and is 
stated in many dilTon’nt ways de])ending upon the use to tvliieli 
it is to lx* put. 'Pin* following are perhaps the most eommon 
stat(*m(‘nts: (1) l’hi(‘rgy in tin* form of heat may be eon verted into 
ineehanieal work, and likewise energy in the form of meehaiiieal 
work may Ix^ eonveuMt'd into lj(‘al; (2) (vnergy may undergo ehange 
in form but not in amount.^ H(*at and meehanieal work are the 
most eommon forms of energy, and luaiei* tlie law may l)e eon- 
veniently express('d as the following mathematieal expression: 

h = Nil + w (14) 

h -- all (‘uergy absorbed l)y the system from the surroundings. 
H(a\t energy is oftcai the only (mergy form that is added to the 
system, although any other energy addition may be included in 
this term. 

' The author sugposts: The energy that goCvS into a system is equal to the 
energy that h‘aves the system except for changes in the internal energy 
content. 
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Aw equals the increase in the internal energy" content of tlio 
system. This increase may be evidenced in any form of energy 
such Jis an increa^se in pressure or temperature; changes of phase 
such as vaporization; and increases in surface (‘riergies, chemical 
(‘iiergy, etc. In id('al gas cycles, in which no chemical reactions 
occur, no change in the internal energy is possible unless the 
temperature changers. In such special cases the change in 
internal energy is eciual to the energ^^ required to heat the gas at 
constant volume. 

w ecpials all work done by the system on the surroundings. 
Usually only the mechanical work done on the surroundings is 
consid(u-ed, but properly this term should include all forms of 
energy that might leave the sj^stem, including losses. 

An exceedingly useful corollary of the first law may be sum- 
inariz(‘d as follows: The energy content of a system at a fix( d 
and complete set of conditions is a constant, and hence tiie 
difference in tlie energy content of a system bet weem two sets 
of conditions is also a constant. Because energy cannot Ix^ 
d(‘stroyed, it appears that the algebraic sum (or diff(‘renc(') 
of t}u‘ eiHugy inputs and expenditures rectuired to get from oiu^ 
condition to another will be a constant regardh^ss of th(‘ s(‘(|uenc(j 
of (h(‘ changes or the number of energy change's involvc'd. 

Example 30. Heating Value at Another Temperature Than 60°F. The 

licatiriK value of nietluine ('CH 4 ) is 1009 H.t.u. jht cu. ft. at OO'F. What 
will its heating value be if the gas, along with its air, is burned at J000'’K. 
and (1)0 products are cooled to 1000“F.? 

basis: 1 cii. ft. of methane measured at OO'^F. and 700 nim. pressure. 


CU, + 2O2 = CO2 -f- 2H2O - 1009 B.t.ii. per eu. ft. 


Since the difTeronce in energy content of CIT4 and Oa at 1000°F. and the 
])roducts of eombu.stion, CO2 and lI-jO, at 1000"’F. i.s a constant, we may 
<‘o?nplete tlie combustion reaction by any series of st(*ps fFig. 60). 


1.000'’H 1,000'’!; 

I“CH 4 2-Op f—?H.V.o(tI,000‘’F,—2-H20(Vo)por) 


Cool 

I 


t 


Heat 


kru. ?-n. 1 l,009B.t.u, Z-HpOCVoipor) 

' ^ * 'combustion 2-H,0(Liqmd) 


80°F 60'E 

Fio. 60.—ThermodyTiamic cycle. Example 30. 
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The system is tak(?n through the following particular series of steps 
because* data ant availalde for each of the operations. 

(bol /'sensible heat): 

CH 4 : ‘;i79(245 - 13,800) 

20.,: =^:i79(200 - 7.000) 

Gross heating value at OO'^F. 1 X (—1,009) 


2 ^ 1 c 

Vaporize water at (HrF.X (1,058.2) 

Heat (sensible lutat): 

CO2: ‘:»7a(9,850 - 245) = -f- 25.37 (Fig. 55) 

2H2O: i?:»79(8,050 - 270) = ±_ 44.3_ (Fig. 55) 

Heating value of (HG from and to lOOO^'F. = —910.03 B.t.u. per cu. 

ft. (measured at 60°P\) 

Example 31. Heat Required to Heat and Vaporize Gasoline. — A Mid- 
('ontinent gasoline (00 A.IM.) at 100°F. is to btt heated, vaporized, and 
su])erh(*ated to 5(K)''F. at atmospheric pressure. How much heat is required 
per pound of gasoline? 

The vaporization of complex mixtures differs from the vaporization of 
pure compounds bccau.se vaporizatiori occurs throughout a range of tern- 
peratur(\ Ac<*ording to the corollary to thcr first law, tin* temperature at 
which va|)oriz;i1 ion occurs can be any temperatun* at which the latent heat 
is known, provided all of the eriergy changes involved are i)roperly c;onsidor(‘d. 

For comparison, tin* total lieat input will l)e computed for vaporization 
at tin* temp«*ratures of 250, 300, 350, and 400"F. 

Bfisis; 1 lb. gasoline (Figs. 33, 34, and 37). 


= - 35.8 (Fig. 55) 

= - 35.9 (Fig. 55) 

= -1,009.0 
-1,0M.7 

= 4- 100.4 


N’jipor- 






I'otal 

izing 






boat, 

at 

Sensible heat 


Latent 


vSensiblc heat 

B.t.u. 

(l(*g. F. 

of liquid 


heat 


of vapor 

per lb. 

250 

1(250 - 1(K))0 503 

■f 

131 5 

+ 

1(.500 - 250)0.53 = 

348.5 

3(K) 

1(300 - 100)0 58 

-h 

124.0 

4- 

1/500 - 3tK))0.541 = 

348 2 

350 

1(350 - 100)0 595 

4- 

110.5 

4- 

1(5(K) - 350)0 .554 = 

348.7 

4(K) 

11 UK) - 100)0.01 

-h 

IIO.O 

4- 

1(5(X) - 400)0.508 - 

349.8 


This is a hypothetical situation because it would be impossible to vaporize 
tin* gasoline at different temperatures without changing the pressure, but it 
is an accurate and convenient methotl for those cases in which the exact 
vaporization temperature is not known (see Example 11, page 108). 

Heat-balances. —(^('rtain special tuises arise in which thc' 
change in energy content of a system involves only heal energy 
and chemical energy, or at least other energy changes are negligi- 
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|>le. Such processes may be studied by means of the heat- 
balance. With reference to the mathematical expression for the 
first law, all three of the items will iinolve changes in heat 
(‘n(‘rgy and chemical energy. 

Th(? following examples serv^e to illustrate both heat- and 
material balances. 

Example 32. Heat-balance of a Furnace. —Fuel 12 (Tuble 25) is fired 
111 2(X)^'F. usiuR 0.4 lb. (280°F.) of steam per pound of fuel. Tb(‘ flm* gas 
lias MU Orsat analysis of 13.0 per eent C(h, 4.25 per cent Oj, and 82.75 
p(‘r c(*nt No. The heat gainfully used to beat oil amounts to 1,307,000 
H.t.u. The stack temperature is 800''F. The air is at SO'^F. and has a 
relative humidity of 50 per cent. 4"he vapor-pre.s.sure of water at 8(VtF. 
is 20.0 mm. 'Flie still is operating in a continuous manner. 

Basis: 1(X) lb. of oil 12, OO'^F. temperature datum. 

Tbe ultimate constituents in the fuel undergo the following chem.-ad 
leactions: 

C -f Oo = ('O2 

H, f = H.O 

S -h 0, = SO2 

HoO (liquid) == H 2 O (v.apor) 

Mols of combustion products: 

('arhon. 

►Sulfur. 

Hydrogen.... 

Water. 

rndetermined 

Material balance of carbon: 

Mols of dry flue gas from 100 ll>. of fuel. Mf)l per cent = volume per 
<*eiit (gases). 

All of the carbon is found in the carbon dioxide (13 per cent). 

Mols CO 2 (and SO 2 ) = 7.32 
00 7;: 

Mols N 2 = 7.32 X = 46.50 

A OK 

Mols O 2 = 7.32 X ^ = 2.39 

Total mols of dry flue gas = 56.21 mols 


87.6 _ 

12 

^ — 0.02 (reported as CO 2 by Orsat) 

32 

1^-27 . la 

2 

= 0.003 (neglect) 

] o 

I 38 

= 0.05 (considered as O 2 and N 2 , equal parts) 
oU 







196 


PErHOLEVM REFINERY ENGINEERING 


Material balance of oxygen: 

Air required: 

M(*1h Nv from air = 46.5 — = 46.475 

20 Q 

Mols (), used - 46.475 X j + .025 = 12.28 

Mols air - Hi. lT.j X jj = 58.7 

IVreentage of excess air: 

O- i(‘quired for (’ and S — 7.52 mols 

(>2 for hy(lrog(‘n -- - — 2.57 

()z re(juire<i — 9.SO mols 

1 9 9w _ q wq 

P(‘rcentag<! of (excess or air "" *^9 89 ^ ^ 

Material balance* t»f water vapor: 


Water in Mols 


0 4 

Atomizing st(\am — 100 X . j- 
IH 

= 2.22 

From Ho in fuel (same nundier mols a 

s H 2 ) = 5.14 

P 13.3 

Oo-i. .u- = _ .,8.7 

= 1.04 

Fr(‘e moisture in fuel (negligible) 

= 0.00 

4'otal 

- 8.40 


'ri>e wat(’r va])or 1 ('m\ ing the system in the Om* gas must ecjual t}](> water 
coming into tin* system, or S. 1 mols. 

Heat l)alance*; 

Heat JCntc'ring System B.t.u. 

Net lu'ating value of fu(*l .17,179 X 100 = 1.747,900 

Heat in air (note Fig. 5.">) ..^>8.7(556 — 196) — 8,210 

Hc'at in steam (st‘e* I*'ig. 5.‘> e>i-steam table's). 

0.4 X 100(2,200 - 260) 18 = 4,310 

Sensible heat content of biel oil.100(2(K) - 60)0.442 - 6,190 

TT '^^^0 

.Ml of this h(‘at will l)e recove'red from the system if the flue gas is cooled 
te) 60 F. 

He'at Leaving System 

S(‘nsible heat (‘ontent (st'e Fig. 55) at 8(K)''F. 


('O.. 7 32(7.6(K) - 245) = 53,900 

Water vapor.. 8 4 (6,800 - 260) = 54,900 


Diatomic gases (Ns and excess (> 2 ). . 48.89(5,500 — 200) - 259,000 

367,800 B.t.u. 
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Summary of heat-balance: 


Heat 

B.t.u. 

Per cent 

Into system . 

1,766,610 

1,367,000 

367,800 

31,810 

100.0 

Out of system: 

Useful heat (given). 

77.35 

Stack loss. 

20.85 

1 naccountc'd for and losses. 

1.8 



1,7(i(i,610 

100.0 


Anproxirnatf' slack loss using Fig. 50: 

Stack loss at SOO'^F. and with 18 per c(‘nt C'O:; in the flue gas (25 per <*(M!t 
(‘xcess air) — 19.0 per cent (in fort‘going, 20.85 piu* cent) 

In this (‘xain|)le tlie system consists of the fiH‘l. air, stiaiin, and tlu' pr (I- 
nets of c()inl)ustion. ddie products include the (‘ornhustion gas, excess air, 
atomizing st<?am, and tlie water vapor from the air. 

Applying the equation 

h = Aa -f ta 

the symbol h refers to the sensibh* heat content of tin' air above 00"'F., the 
sensible' heat content of the steam al)ove OC^’F., and tln^ s(*nsil)le heat contc'ut 
of th(^ f\i('l above OO^'F. 

'riie change in int(‘rnal energy (Aa) is repn'stntf'd by the decr(*as(^ in 
chemical energy as the fuel burns, ddie system d(*cn‘ases in eiu'rgy content 
l»y the amount of the net h(*ating value of the fuel, hi (‘ornliustion calcu¬ 
lations the heat input is considered as (// Aw ), wliich amounts idgcibraically 
to transferring the Aw term in the foregoing equation as follows: 

h — ( — A?/) = w ~ h -j- Aw 

'I'he work done or the heat added to the surroundings is n'prescmted liy v). 
I'liis t(*rm consists of the stack losses ('eventually transferrc'd from tlu^ sys- 
t<*m to surroundings); the heat lost to the furnace walls, air, soil, foundations 
etc.; and the useful heat. 

Example 33. Heat-balance of a Fractionating Tower. —The simple 
tower system shown in Fig. fil will be studied by means of a heat-balance 
to determine the amount of reflux ('286''F.) that must l>e supplied in order 
to cause the tower to function as a fractionating device. Capacity, 1,200 
bbl. per day. 

Basis: 1 hr., 2,100 gal. per hr. 
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The properties of the feed and products are as follows: 



Vol¬ 

ume, 

per 

cent 

A.P.I- 

Lb. 

per 

gal. 

Gal. 

per 

hr. 

Lb. 

per 

hr. 

50 

per 

cent 

B.P. 

Mol. 

wt. 

Latent 

heat 

CJasoline. 

20.8 

02.8 

0.00 

503 

3,415 

200 

119 

126 

Naphtha. 

5.03 

52.8 

0.39 j 

118 

754 

370 

156 

no 

Kerosene. 

19.8 

45.0 

0.65 

416 

2,705 

400 

195 

100 

Gas oil. 

10.0 

39.4 

6.89 

222 

1,530 

585 

272 

84 

Reduced (Tude.. 

30.97 

31.2 

7.24 

770 

5,010 




liOSS , . 

0.2 




9ti 




('rude. 

i 

100.00 

43.0 

0.75 

2,100 

! 

14,170 

_I 





Fio. Gl.—Simple tower system. Exnrnplc 33. 


This prohlem might be analyzed as the preceding example, l>y using 
a temperature basis of OO^F. However, the solution is facilitated by select¬ 
ing the vaporizer t(*m})erature as the temperature datum and computing 
directly tlie heat that must be removed from the system by the n^flux. 
Hasis: Temperature datum 57(>°F. 

Thtj system consists of the crude oil and process steam. At 576^. the 
gasoline, miphtha, kerosene, and gas oil are vapors and the reduced crude 
oil is a liquid. A sufficient quantity of heat must be removed from the 
vapors to cool them to the temperatures at which they are withdrawn from 
the tower and to condense the naphtha, kerosene, and gas oil at their with¬ 
drawal temperatures. 











HEAT a\d material balances 


199 


iirjit to be removed by the reflux: 
Sensible heat: 


finsoliiu*. 3,415(576 - 286)0.50 X 1.06 

N;ij)htha. 754(576 — 335)0.505 X 1.06 

Kiiosene. 2,765(576 - 420)0.58 *X 1.06 

(iMs oil. 1,530(576 - 510)0.592 X 1.06 

Heduced crude. 5,610(576 - 510)0.722 X 1.03 

Steam. 567(535 - 286)0.5 


Latent heat: 


B.t.u. 

- 589,000 

= 108,900 

= 265, (KK) 

= 63,500 

= _ 276.000 
1 ’ S)2’400 
= 70,600 

1,373,000 


.Naphtha. 754 X 110 = 82,800 

Keros(*ne. 2.765 X 100 = 276,5(K) 

( las oil . 1.530 X 84 = 128,JMK) 

'Total heat to be removed. . — 1,860,800 


'Lhe ^:asoline, naphtha, kerosem*, :ind pas oil were cooled as vajKirs, and here'C 
the sp(‘cilic heats of vapors (Fip. 34) were used, but th(‘ reiluced crude oil 
was cooled as a li<juid (Fip, 33). 


Bernoulli’s Theorem.—Bernoulli’s ilK'ort'in is used in the 
solution of many hydraulics i)roh](*ms. This theonun is a spt'cial 
eiise of tlu^ first law of tiu'rinodynainies in which cbanpt^s in the 
(Mierj»;y (amtent of a fluid system are halanet'd against one anotlKU*. 
Altliough friction losses are (‘vidtait as luait, th(‘ th(H>reni is 
conc(*rn(‘d only witli the pr(^ssure and energy^ (*hang(‘s, ajid lieat. 
is considered lost energy. Bernoulli’s theortan may be st.ated 
as follows: 

A"„ (static head) \ IXi 

2 f 1 2 

+ " (veloeit\' head) ( )+ 

2 f/ ■ ) ^ ( 2g 

-\-fWa (|jres.sure liead) i / + A1 6 
+ TF (mechanieal work) / \+/'' (frietion) 

Example 34. Hydraulic Energy Balance. — A tank of wnter at 150'’F. 
i>I>eci6c gravity 0.985, viseosity 0.433 eentipoise) is discliMrpiiig through a 
standard 2-in. {)ipe system at the rate of 120 pal. per min. )>y its owm hydro¬ 
static head. Figure 62 indicates the pipe system. NN'hat is the height of 
the water above the discharge point? 

In this problem the only energy input to the .system is the difference in 
^he static head (X„ — Idds caiergy is di.ssipated as friction losses in 

pipe and 6ttings, in the entrance to the line from the tank, and as 
^^na tie energy in the fluid as it flows from tlie end of the pipe. 
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Basis: 1 sec., isothermal at 150°F. 


120 V 144 

Velocity = 7 4g(i 035js x OOlTOlIO “ 


Velocity head = 


rii.5)' 


• 2.05 ft. of fluid 


2g 2 X 32.2 
Friction losses fsee Fi^. 54): 

ku^ 

C'ontractionlossat connection to tank = —^ = 0.5 X 2.05 = 1.025 ft. of fluid 

2^ 

Loss in pipe and fittinj^s (see Fiji;. 53): 

. 1 , , 4, f . _L 1- ^ 2.07 ^ , o X 2.07 X 30 

Kquivalent leiiRth of pipc^— 00 + lo + -.y X lo + 

= lOS.OO ft. 

,,, OAmfsu^L Dus 2.07 X 11.5 X 0.0S5 

= l) - T = -(U33"-” = 



- CO’ . 4 


Fi<}. fVJ.— Sitnpl«> hytlrmili^* system. HoO^r to FxMmpK* .'^4. 


Fiiction OnMor f(»r new, ch'an pipe = 0.0040 

0.323 X 0.(K)40 X 0.985(11.5)2108.00 

....2:07—^- 

= 10.1 lb. per sq. in. 

10.1 X 144 , 

= 7.0- 4 o-nTib- = 23.8 ft. of fluid 
02.4 X 0.98o 

Difference in head required = A'« — Xi, = 2.05 + 1.025 -h 23.8 = 20.9 ft. 
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CHAPTER XIII 


HEAT TRANSFER 

The solution of problems that involve the transfer of heat is 
(liffieult })eeause of the lack of adequate data, ^riie film transfer 
l ates can be (*omputed with reasonable accuracy for clean or new 
I)ip(‘, but the effect that dirty or corroded pipe surfaces will have 
:^on the transfer rate cannot be satisfactorily estimated. With 
tlie grt'atf st j)ossible care, the accuracy with which the rate of 
h('at transfer can be c*omput.ed is probabl>" not liett('r than 
±10 per c(^nt. Nevertheless, even this accuracy cannot be 
attained unless the d(\signer thoroughly understands the funda- 
nunitals of heat transfei-. 

The dismaying lack of data on the effect of the surface condi¬ 
tion has caused many engineers to turn to the use of over-all 
_#'()(‘fficientus of heat transfer. Althougli the use of the over-all 
coefficient is convenient and sometimes necessary, most heat- 
('xchange (‘X|)erts f(M‘l that tlu' use of over-all coefficicnits is inaccu¬ 
rate* and tliat an attemj)t to compute* or estimate the individual 
film co(*ffici(*nts is always the* safe'st method to use. In tins 
chapter the film t ransfer ce)effie*ie*nts for materials contained in 
clean or new e*(iuii)me*nt will })e stuelied, and in Chap. XXI 
transfer rates for commercial eepupments will be discussed. 

There are tliree ce)mmon methods of transferring heat, viz., 
raeliation, conelue*tion through solids, and ce)nduction through 
fluids. In practice a combination of two or even all of these 
methods may take place simultaneously. 

Radiation. —Although radiation is proVjably the most important 
method of transferring heat, the calculation of the rate at which 
radiation occurs in many commercial furnaces is impossible. 
In Chap. XXII are examples of radiation calculations for the 
I>arti(‘ular case of the tubestill heater. 

^ Nevertheless, qualitative study of radiation theory leads to a 
clearer insight into this method of transferring heat. The 
transfer of heat by radiation is governed by Stefan^s law; 
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Q = hAT^ 

where A = area of radiating snrfaee, sq. ft. 

T = absoliiici tcrnf)erat:ure of the surface, deg. F. 

Q — B.t.u. tiansfern'd jmu* hr. 

b = 1.72 X 10"“^ B.t.u./(deg. F. dilT.)(sq. ft.)(hr.) at 
1)1 a(*k-l)ody eoiidit ions. 

But a surface cannot radiati* all of this heat to another surface 
h(‘caus(‘ the cool(*r surface also radiates laait. For a small body 
com|)lt‘tely surroiindi'd by a hottca* body the foregoing statfunent 
sinii)Iira‘s to 


Q — net heat transha-red = Q 2 — Qi = hA(T\ — 7'}) (lb) 

'riiis e\pr(‘ssion in\ olv(‘s 1h(‘ assiimpfion tliat. all of tlu* energy 
emitted by the liot body is absorbed i)y the eooh'r body and that 
all of the eiKMgy emin(‘d from th(‘ cooh'r l>ody is absorixal })y tlu; 
liotter bod>'. In practice most mat(‘rials fail to altsorl) all of the 
radiant (‘iKUgy that falls uj)on th(‘m, and lienee the constant h 
is diffiMHMit for all materials. 

Materials tliat ha\'e a roiigli or dull-finish surface' absorb 
radiation almost as com|)let(‘ly as [)erf(‘(*t radiation absorbers 
(black l)odi(‘s}, but ])olish('d surfaces or (‘ven chain mt'lallic rougii 
surface's reth'ct a large part eif the' raeliatiein that falls upem them 
and he'iice' require a e*orree*te*eI value' of b. Furthe'rmore, it 
ajipc'ars that surfae-es such as a brie‘k wall at incandoscemt 
teinjie’rature's re-tle'e*! miie’h eif 1 he'raeiiatiem that falls upon the'm. 
'babh' 2S giNX's common value's of /;. 

'ItxuLK 2S.- Radia nox ( 'oxstax ps 


Matmal h X 10*'^ 

1. Porfoct ni.Mck Ixxly. 1.72 

2. Hniss, matte'. 0.374 

3. (\‘ist iron, r<»ugh ami hi^:hly oxielize'el. 1 .57 

4. (May. 0.65 

5. Coppe'r. 0.278 

6. (Vramics ware, uiiglazeel. 1.34 

7. Fii'let soil. 0.63 

8. Granite, smooth hut not polished. 0.745 

9. Lamp l>laek... 1.56 

10. Lime mortar, rough. 1.51 

11. Sheet iron, matte o.xidized. 1.55 

12. Sheet iron, polished. 0.466 
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Tlio (iifferenccH in the fourth powers of the teniperature are 
inx'olved in this formulation, and it becomes apparent tliat the 
liigher temperature raised to the* fouiili ])ow('r may Ix' so large 
that tlie lower temixTature may be negk'ctt'd. Furthermore, 
The quantity of heat that is radiated increase's ^’er\’ rapidly for 
small increases in temperature. The following tabulation indi¬ 
cates the rate of increase: 

1,000^ = 1 X 10^2 

1,200< = 2.1 X 10^2 

1,100^ = 3.9 X 10^2 

1,G00" - 0.0 X 1(V2 

1,800^ = 10.5 X 10^2 

2,000^ = 10.0 X 10^2 

Thus tlie temperature A\as doul)led l)ul tlic' radiation increased 
Kixt('(*nfold. 

Anotli(*r d(*duc(ion of a (|ualitati\e nature but of great value 
rt'gards the angle of vision or sight of a pe)int radiatioit source. 
Uadiation is a wave' phenoiiK'non, aJid it tra\’(‘ls tlvrougii gaseous 
inat(‘rials in a straight line' without sufTca-ing much of a toss in 
iiit(‘nsiiy. It is unal)l(‘ to ])en('tral(‘ o])a<iiie or dark solid mate- 
’rials. Tlius cooling surface's cast what might b(‘ e*alle‘el raeliatie)n 
sliadows be'hinel tlu'm, anei the space shie'lded from radiatie)n is 
not heat('(l ])y raeliation. 

In most coml)Uslie)n ]u-e)blems the radiatie)n e)f he^at is |)ractice*d 
l)y allowing e'ombustion to take' plae*e' in pre)ximity to coede'd 
surfae*e's, Raeliation from flaine'S and gas(‘s canne)t be e'asily 
liandle'd by Va[. (10) be'e'ause (1) the size* of t he' flame cannot bei 
accurate'ly dete'rmined, (2) tlie flame has a thickne'ss so that 
radialiein from the ce'iite'r of the^ flame must iie'ne'tiate the eiute'r 
laye'rs, and (3) the luminosity eif flames varic's with elifTe're'iit 
/‘iiels and conditiems of e'omluistiein. In nonluminous flamo'S, 
radiatieiii is found to lie de'fie'nde'nt te) a large' exteait on the 
percentage' of e'arbein dioxide and Avater \'af)or tliat is present. 
However, radiation from sue*h a flame' is neit e'tTe‘cti\'e, and the 
pre'sence of partially burne'd eairbon particl(‘S (lumineius flamers) 
greatly incre'ase\s radiatiein. The proble'm eif raeliation freim 
flames is further ceunplicated by the' conve'C'tiein he'at transfer 
^liat occurs by the circulation of gases witliin the furnace 
box. 
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CONDUCTION THROUGH SOLIDS 

Conduction is the most simple method of heat transfer. New¬ 
ton’s fundamental law of resistances and driving forces, if 
applied to conduction, takes the following form; 

Q . ( 17 ) 

Lj 


where Q = B.t.u. heat transferrt^d per hr. 

A = area of surface, sq. ft. 

T 2 and T\ = temperatures at hot and cold surfaces. 

k = conductivity as B.t.u./(deg. F. diff.)(Hq. ft.)(hr.) 

for 1 ft. thickness. 

L = tliickiiess, ft. 

The values of k for some common materials are given in 
Table 29, 


Table 29. —Thermal Conductivity 
(/onductivity: b.t.u./(deg. F. diff.)(8q. ft.)(hr.) for 1 ft. thickness 


Material 

70°F. 

212‘‘F. 

500°P'. 

i80o°r. 

Brass (70-30). 

63 

72 5 



(k)p|)er. 

227 

220.0 



Iron (wrought). 

35 

36.0 



Iron (cast). 

22-36 



Steel (0.1 per cent carbon). 

26.1 

25.8 

25.0 


Alloy .steel, austenitic chronu'-niekel. 

10.4 


Calcium carbonate (^scalc). 

0.5-1.5 



Porcelain. 

0.6 




Magnesia (85 per cent). 

0.04 



Asbestos (felt). 


0.12 



Cork. 


0.03 



Portland cement. 

0.5 



Brick or mortar wall. 

0.4 




Concrete wall. 


0.505 

0.70 

Red brick. 

0.39 

0.43 

0.52 

0.95 

Firebrick and clay-bond silica... 

0.48 

0.5 

0.56 

0.82 

Sil-o-cel brick. 

0.125 

0.125 

Carborundum brick. 


5.6 

6.4 

Magnesite brick. 



1 3.5 

2.3 

Bilica brick.. /. 



: 0.7 

1 

1.15 

Asbestos coTDcnt board (transite). 


0.23 

0.23 



1 
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Table 30 presents the conductivities of petroleum oils.‘ 


T-\ble 30. —Thermal Conductivity of Petroleum Products and Water 
B.t.u./(deg. F. diff.)(hr.)(8q. ft.) for 1 ft. thickness 


Tempera- 

A.P.I. at 
60®F. 

Water 

10 

20 

30 

j 

40 

50 

60 

Asphalt 

Wax 

ture, 
deg. F. 

Sp. Gr. 
60/60 i 

j 

1.0 

0.934 

0.8762 

0.8521 

0.7796 

0.7389 



0 

1 

0.322* 

0.0683 

0.0735 

0.0783 

0.0833 

0.0876 

0.0926 

0.1 ( 

[).133 

200 

1 

0.41 

0.0642 

0.0691 

0.0735 

0.0783 

0.0826 

0.0875 

(Average from 

400 



0.06 

0.0642 

0.0691 

0.0736 

0.0776 

0.0816 

32»F- t.o 

600 



0.0658 

0.06 

0.0642 

0.0683 

melting- 

point) 

:_ 1 


800 



0.0625 

0.0668 

0.0591 


1 




. 





* At 3/)“F., also 0.357 at lOO^F. 


In using Newton’s law, tlio factor L/IcA may be considered to 
be a resistance (7^) to the driving force represented by the 
temperature difference (T 2 — Ti). The equation may be 
I’carranged as 


AT ^ 
^ L/kA 


(18) 


When heat is transferred by conduction, several materials 
usually compose the vessel or wall through which heat is being 
conducted, and hence conduction problems involve the conduc¬ 
tion of heat through a seriejs of resistances. The quantity of heat 
Q that passes through each material is tlie same, but the tempera¬ 
ture difference across each material will be different for each 
material. Suppose a flat wall is composed of three materials 
having conductivities of /ci, k^j and A* 3 , having thicknesses of Li, 
dJ 2 , and L 3 , and having temperature differences of ATi, A7\y and 
A7 3. The heat that is conducted per square foot per hour is 


Q = Qi = Q2 = O3 


Also 


ATi = Q 


U 

kiAi^ 


and 

AT 2 


ATi _ AT 2 _ ATz 

IjijkiAi Jj^jk^A^ ljzlk%A% 


® kiAV 


AT»=-Q 


Lz 

kzAz 


^ C’ragoe. C. S., Miac. Pub. Nat. Bur. Standards 97, 1929. 
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The temperature difference across the three materials is the sum 
of the three individual differences, and hence the following 
relation may he writtcar. 

Q / Al_ + = at. + + AT, = AT 

^\kiAi knA‘2 k:iA-i/ 


y - - j- ^ A, . A.-, nv+ ih + R, ^ ’ 

kiAi '^ 'k.A^'^ 'lc^Al 


Thus wv find that tlu^ resistance to the flow of heat corresponds 
exactly to tlie rc'sistaiHc to the flow of ek^ctricity through a 



Km. (>3. Tomix'iJiture itisidc of a furnace wall. Refer to Example 35. 


s(^ri(\s electrical circuit. The temperature differences are directly 
proportional tc) the* resistances to flow, so that 

ATiATiiAT^.ATz: :R:Ri:Ih:Rz (2oj 

Example 35. Heat Loss through a Furnace Wall.—A furnace wall 
consists of 9 in. of firebrick, 4^2 in. of sil-o-cel brick, 4 in. of red brick, 
and t '4 in. of transite board. The conductivity coefficients for these mate¬ 
rials are given in Table 29. The inside wall of the furnace is at 1800®F., and 
let us assume that the outside of the wall is at 200®F.* 

* Since the outside temperature cannot be easily measured, the air tem- 
peraPire is usually used, but this involves the conductivity of a film of 
stagnant air at the wall (see Example 38, p. 214). 
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How much heat is lost per hour through a surface of 10 sq. ft.? (See 
Fig. 63.) 

Basis: 1 sq. ft. 


The surface is the same through each of the materials, and hence the 
area has been left out of all of the formulations [see Eq. (19)]. 

AT _ 1800 - 200 

^ " Li L2 9 4.5 4 0.25 

ki ki' ' ’ 12 X 0.82 12 X 0.125 12 X 0.52 12 X 0.23 

1600 _ 1600 
0,915 + 3.0 + 0.641 + 0.0905 4.646 

= 344 B.t.u. per sq. ft. 

= 3440 B.t.u. through the 10 sq. ft. 

The temperatures within the wall can be computed by Eq. (20). 

AT R 

ATi Ri 


Location 

Temperature 

difference 

Temperature 
deg. F. 

Between firebrick and sil-o-cel. 

1600 ATi 

4.646 “ 0.915 
ATi = 316 
AT 2 = 1033 

1485 

B(!tween sil-o-cel and red brick. 

452 

Between red brick and transitc. 

ATz - 221 

231 

At outer wall (as a check). 

AT4 = 31 

200 



Pipe Insulation.—In the case of pipe insulation the area 
through which heat is transferred is not constant. If the thick¬ 
ness of the material is small, compared with the diameter, the 
arithmetic average of the larger area and the smaller area may be 
used. The arithmetic mean area may be used for all cylindrical 
vessels and for pipe sizes down to about 2 in. if standard insulation 
is u.sed and if an error of 4 per cent is permitted. If the thickness 
is great compared with the diameter, the logarithmic mean area 
must be used: 


Logarithmic area = 


A 2 (large) — Ai (small) 
A 2 (large) 


2.3 log 


AI (small) 


( 21 ) 


Table 31 shows the error if the arithmetic area is used instead of 
the logarithmic area. 
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Table 31 


Pipe size, 
in. 

Standard insulation 

High-temperature insulation* 

Thick¬ 
ness, in. 

log mean 
areaf 

Approx. 

error, 
per cent 

Thick¬ 
ness, in. 

log mean 

areaf 

Approx. , 
error, 
per cent 

H 

% 

4.9 

10 


6.2 

19.0 

1 

% 

6.53 

5 


7.95 

11.5 

IH 

H 

8.41 

4 

m 

9.9 

7.5 

2 


10.4 

4 

IK 

11.5 

5.8 

3 

1 V’l <> 

14.0 

2 

2y2 

17.65 

6.3 

4 

lit, 

17.4 


2H 

21.1 

4.0 

5 

IH 

20.8 

1 

2 >2 

24.5 

3.5 

6 




2H 

28.0 

2.0 

8 1 

m 



2H 

34.6 

1.0 

12 


44.8 


3 

49.6 



* High-preMituro steam lines, oil lines above about t^tc, 

t Square inches per inch of length. 


CONDUCTION THROUGH FLUID FILMS 


The heating of fluids through the walls of a metal container 
is at the sanu^ time an important and a most troublesome method 
of transferring heat. As iudic^ated in Chap. X all fluids are 
bounded at the retaining walls by a film of stagnant fluid. Heat 
must be transferred through these films by conduction. The 
films are very thin, their thicknesses cannot be easily measured, 
and hence the thickness L which is involved in the resistance of 
the film cannot be determined directly. In order to avoid this 
difficulty, the resistances of fluid films have been correlated by 
expressing the resistance as 1/h in w^hich h is the film Coeflftcient 
of heat transfer. From commonly accepted heat-transfer coeffi- 
ciehts the apparent film thickness varies from about 0.1 for gases 
to about 0.0001 in. for condensing steam. If the conduction 
equation is applied to the transfer of heat from a fluid into a 
solid partition wall and into another fluid, the conduction 
equation takes the following form: 



^T 


hiAy hsAs 


+ Rd 


( 22 ) 


In this equation and represent the film coefficients of heat 
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transfer for the two fluids; and k 2 are the thickness and conduc- 
tivnty of the partition wall; and Rd is the resistance due to 
corrosion, dirt, or roughness of the surfaces. The resistances 
^indicated in the denominator may, for convenience, be added, 
and the total equals IJH in which H is the over-all rate of heat 
transfer. Returning to the first equation of conduction, we see 
that it may be stated as follows: 

A AT 

Q = j/ff = HAAT (23) 


Thus if an average area is used, 


H 

H 



+ T—b Rd 
ha 

1 



+ y ^ + V + Rd 


(24) 


If one of the film coefficients is small compared with the other 
coefficients, the resistance \/h which corr(\sponds to it will 
proportionally large. In such a case the value of the over-all 
coefficient will b(' nearly the same as the small film coefficient. 
For the same reason the resistance of the metal wall may often b(j 
neglected. 

Example 36. The Over-all Coefficient of Heat Transfer.- Hoat is being 
transforrod from a gas througli the walls of a standard 2-in, pipe and into 
water that is flowing on the inside of the pipe, ho == 6, hw = 500, and 
k for the pipe wall is 25 [see Eq. (24)]. 

1 _=_ ^ _ 

1 " L 1 r " 0.154 1 

ho k, hw G 12 X 25 500 

H =_ \ ....- = 5 91 

0.1667 + 0.00051 + 0.002 

Thus the resistance of the metal wall and the water film could be neglected 
with an error of only 1.52 per cent. 

Likewise, the pipe could be made of copper, which is an excellent con¬ 
ductor of heat {k = 220), and tlie over-all coefficient would be changed by 
only a small amount. 

1 

^ “ 0.1667 + 0.0^58 + O.OOi “ 

Factors That Affect the Film CoefiSlcient —Exactly as in 
conduction through solids, a temperature difference exists across 
fluid films. The temperature difference in the film causes con- 





210 PETROLEUM REFINERY ENGINEERING 

vection currents that tend to decrease the thickness of the film, 
and forced circulation of the fluid past the heating surface has the 
same effect. Thus the numerical value of the film coeflicient is 
directly dependent on the thickness of the film and the material^ 
that composes the film. 

Some of the factors that affect the thickness of the film are: 

1 . Vificofiity. 

2. Density. 

3. Velocity in main body of fluid. 

4. fJonductivity. 

5. Sliape of retaining walls and turt)ul(}nco caused by such disturbances as 
bends. 

0 . Specific heat. 

7. Latent heal, in the case of vaporization or condensation. 

8 . Materials or impurities having low conductivities, that may accumulate 
in the film and ndard mixing. Examples of this are {a) air in steam, (h) 
paraffin wax in oils, and (c) mabirials that may corrode the metal surface. 

If. 'remporature. 

Tcunperatiire is not in itself important, but it does affect the 
value of the other physi(!al constants. For example, the viscosity 
changes rapidly with tcunporaturc, and hence temperature 
becomes indirectly of great importance. An examination of 
thcs(' factors indicates why some coefficients are low and others 
are high. Th(' coefficients for lubricating oils are low mainly 
because the viscosity is high; the coefficients for gasoline and 
wat(‘r an* high l)t*cause of the high fluidity of these materials. 
However, the conductivity of water is much higher than the 
conductivity of oils, and hence the coefficients for water ^re even 
higher than for gasoline. Similarly the viscosity of gases is 
low, but the conductivity is extremely low, so that the coefficients 
for gases are low. Finally, paraffin-containing stocks when 
cooled to fluid-body temperatures of even 300°F. may deposit a 
thin but effective film of solid paraffin wax so that heat transfer 
is greatly retarded. 

Film Temperature. —Obviously the several physical properties 
mentioned above should be taken at the mean temperature of 
the film. However, the effect of temperature on the value of 
these constants, except the viscosity, is not great. The arith¬ 
metic mean film temperature is usually considered as sufficiently 
accurate. Although the use of the film temperature is most 
exact, the computation of film temperatures is tedious, and 
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hence many of the formulae for transfer rates, as given in the 
following pages, are based on viscosities measured at the tempera¬ 
ture of the main bodj* of fluid. The film temperature may be 
computed by noting that the film resistances are directly propor¬ 
tional to the temperature drop across the film. If the area is 
the same at each film, the film temperature may be expressed in 
terms of the total temperature difference and the film coeflacients 
as follows: 


Ar:Ari:AT 2 :AT 3 :, etc. 


‘h 


i-;? .1. 


AT, 

AT 


lAi 

H 


lAi 


hi hz 


etc. 


ATi = 


hi 


j- + Rd + Y 
hi hz 




hs hihzRi) • 4 " 


Ai) 


Let 


ATi = Ti - T 2 ; Al\ = T 2 - Ts; etc. and AT = T, 
where 7\ = high temperature. 

Ti = low temperature. 

ATi ^ 

2 

AT Jh _ 

2 hz + kihzHh + hi 

Film temperature in film 2 or cold film = 

_^_ 

^ 2 As + hJizRii + hi 

For the simple case w here h \ = As, and Rd is negligible 

AT 


Film temperature in film 1 or hot film = T, 

Ti 


Hot-film temperature = 7'i — 


4 

AT 


Cold-film temperature = Ti + 


Ti 


(25) 

(26) 


The Temperature Difference. —In the case of conduction 
through solids the temperature difference AT is usually the same 
at all points, but in the case of fluid systems the temperature 
*difference is not the same at all points because as one fluid is 
heated, the other is cooled. In Fig. 64 the arrows indicate the 
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direction of flow of the fluids with respect to one another for the 
common arrangements of flow. Almost all commercial equip¬ 
ments are designed for countercurrent flow or at least for condi¬ 
tions that approach countercurrent flow. The conditions 
indicated in c and d (Fig. 64) are closely simulated in steam 
heaters and in coil-in-box coolers. 



(a]Couirl-crcurrenf (b) Poiroillcl 



(clCons+wnt Cooling (ol)Consfoin+ Henfing 
Tcmperoifure Tern pe rat urc 

Fig. G4..- Common arrangements of flow. 


The temperatuni differen(*e for a fluid system is an average 
quantity. For the sirni^lified ease of a constant transfer coeffi¬ 
cient and constant specific heats for the two fluids, the logarithmic 
mean temperature difference is valid; 

6 = log mean temp. diff. = 

larger temp. diff. — smaller temp. diff. . -s 
, larger temp. diff. ' 

smaller temp. diff. 

The logarithm to the base 10 may be eoiu'erted to base e by 
multiplying by 2.3. 


Example 87. The Logarithmic Mean Temperattire Difference.—An oil 

is to be cooled from 200 to lOO'^F. by water that enters at 60 and leaves 
at 80‘*F. [see Eq. (27)1. 
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The arithmetic temperature difference would be in error by about 10 per 
cent. 

Arithmetic A7' = _ 80°F. 

iS 



+!et|uaiqEy S9aj09(] ‘dou^Jd^^iQ 3jn^oj3duid±-uo^^ DiujL|4iji96cr| 

If the ratio of the temperature differences is less than 2, 
the arithmetic average temperature difference may be used with 
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an error of only 4 per cent. For convenience the logarithmic 
temperature differences are plotted in Fig. 65 as a function of the 
larger and smaller temperature differences. 

The logarithmic temperature difference is accurate enough 
for materials such as air, water, and steam, whose viscosity does 
not change rapidly with temperature, but in the case of lubricat¬ 
ing oils it may be far in error. Suffice here to say that the loga¬ 
rithmic temperature difference may cause errors as high as 20 
per c(mt when exchanging heat between two viscous petroleum 
oils. 


NUMERICAL VALUE OF FILM COEFFICIENTS 

The following fm-mulations have been presented for the 
computation of film coefficients when the heating surfaces are 
clean. After even a few days of service the transfer rates may 
drop to values iniuih lower than these equations indicate. For 
information concerning other fluids or conditions, refer to “Heat 
Transmission^^ by McAdams^ or to textbooks on chemical 
engineering. 

Gases—Natural-convection and Radiation Combined. —Con¬ 
vection is alwaJ^s accompanied by radiation, and hence the most 
convenient method of computing heat losses from an exposed 
surface to air is by a coefficient that represents both the convec¬ 
tion and radiation transfer of heat. A study of the literature 
on this subject shows that the coefficient is substantially the 
same for vertical brick, asbestos, metal, canvas, and wood sur¬ 
faces. The following formula was obtained by msing data for all 
of th(\se materials between temperatures of 100 and 500°F. 
when the materials are in a vertical position. 

= 1.5 -h 0.0058(AO/ (28) 

Wlien the surface is horizontal, the rate ha is about 25 per cent 
higher for the upper surface than the values given by Eq. (28) 
and about 15 per cent lower for the under surface. Note that 
At is the temperature difference across the air film. 

Example 38. Natural-convection Film.—In Example 35 (page 206) the 
temperature of the wall was assumed to be 200°F. This temperature is 

•“Heat Transmission,” McGraw-Hill Book Company, Inc., New York, 
1933. 
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The film rates are much higher than those obtained in commer¬ 
cial equipment because the experimental equipment was carefully 
cleaned after each run. Difficulty is encountered in deter¬ 
mining the average mass velocity through the tube bundle and 
baffles. McAdams^ also presents some information. 

Condensing-vapor Film. —The films formed during the con¬ 
densation of vapors are complex. Liquid droplets are formed 
upon the cooling surface; and if the surface tension of the con¬ 
densate is relatively low, the droplets form a continuous liquid 
film. If the vapor contains a noncondensable gas, the fixed gas is 
carried to the surface by the condensation and remains there as a 
gas film. The effect of a noncondcnsable gas on the condensing 
rate is illustrated by the effect of air on the condensing rate for 
steam. Othmer® reports that the film coefficients between steam 
at 230°F. and a metal wall are about as follows: 


Per cent air 

Temperature difference across film, deg. F. 

10 

25 

50 

0.0 

2800 

1800 

1400 

1.07 

1500 

1000 

780 

1.96 

900 

700 

570 

2.89 

740 

GOO 

490 

4.63 

490 

420 

370 


The marked infiiKuice of temperature' differemce' on the con¬ 
densing rate is also shown by Othmer.^ As an examj)le, at 
0 per cent air the condensing coefficient dropped from 1(),0()() 
at a AT of 1°F. to approximately 1,000 at a AT of 80°F. PV)r 
steam that contained air, the gemeral effect of tlu' tempea-aturo 
dj^erence was the same. Apparently the adoption of a standard 
average condensation coefficient of 2000 or 3000 B.t.ii., as recom¬ 
mended by many authorities, may be in error even for commercial 
work. 

Corrosion, Dirt, and Fouling Resistances. —The practical use¬ 
fulness of all the foregoing coefficients is \dtally dependent upon 
the condition of the surfaces through which heat is being trans- 

• Badger, W. L., ^'Heat Transfer and Crystallization, Art. IV,” Swenson 
Evapc’Rtor Co., 1928. 

^ Ind. Eng. Chem., 21 , 576 (1929). 
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ferred. With few exceptions the over-all rates computed from 
the theoretical coefficients can always be reduced by a resistance 
of 0.0005 (1/2,000). Although this seems small, in certain cases 
it becomes of gn^at importance. For example, consider heating 
water at a velocity of 3 ft. per second within tubes by condensing 
steam. Approximate values of the theoretical film coefficients 
for these conditions are 

K = 2,500 
k. = 800 

"- v-r i -o:®r6S-“ 

2,5()6' 800 

Inserting a dirtiiu^ss r(‘sistanc(‘ of 0.0005, 

If ~ ___ — 4Af; 

0.00105 + 0.0005 

Except in ran* casi's, a r('sistan(*e of even 0.0005 is too low, and not 
infrequently tlu' resistaiuu^ (^aus(*d by water-scale, mild corrosion, 
and dirty liquids amounts to 0.005 (j‘i()o)- For the foregoing 
cas(* 

7/ = = 150 

When a definite corrosix e action tak(‘s place or a solid is deposited 
at tlu^ surfa<*e, the r(‘sist an(*(* may reach a value of 0.033. This 
magnitudi' of fouling iHNsistaiua* often results when a cylinder 
stock is cooled if tlu' avt‘rage film temperature is below 300°F. 
Obviously, high velocities tend to keep surfaces clean and reduce 
the dirtiness factor. 

No definite values of fouling resistance can be suggested 
because each design problem may involve new^ conditions. How¬ 
ever, in Chap. XXI a chart of approximate fouling resistances is 
given for oil heating and cooling equipments. 

Example 39. Transfer Rate in a Steam Heater. —A fuel oil is to be 

heated from 80 to loO' F. by steam. The oil flows through standard IJ^-in. 
pipe at an average velocity of 4 ft, per sec., and saturate steam at 220®F. 
condenses on the outside of the pipe. 

A. VMiat is the over-all coefficient of heat transfer? 

B. How much surface is required to heat 5,000 lb. of oil per hour? 

A. The properties of this fuel oil at the average oil temperature are 
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2 * 200 (Fig. 48). 

p =* 58 lb. per cu. ft. (sp. gr. 0.931—A.P.T. 20.5). 
c - 0.44 (Fig. 33). 

Neglect the difference in area at the inside and outside of the pipe. 
On a basis of 1 sq. ft. of surface, 

// = 


Film coefficient for oil, ha. 


Ihip ^ 1.61J^4 X 5 8 
2 200 
£2 ^ 0.44 X 200 ^ . 
k 0.078 


= 1,130 


(?)•■’ 


Using Fig. 66 and extrapolating, 


hj)/k 

■■■— = 33 X 13.5 = 445 

k 

, 445 X 0.078 


The film coefficient for condensing steam is large, and in this problem 
it is negligible. 

hn = 2,500 approx, 

r = •> o 

hn 2, m 00 

Likewise the resistance of the pipe wall i.s negligible: 


0.145 
12 X 25 


0,000484 


h, = 21.6 

1 / ha 

B. Amount of clean new pipe required: 

Q - 5,000(150 - 80)0.44 = 154,000 B.t.u. 

^ 140 - 70 

Q = HA^T = 154,000 = 21.6 X A X 101 
A = 70.7 sq. ft. 

5 06 

Feet of IJ^^'-in. pipe = 70.7 X 1 = 167 ft. 

A dirtiness factor should be applied to care for the condition of the 
surface. 
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VAPORIZATION AND CONDENSATION 

The sul)j(‘ct of distillation is usually r(‘ferred to as a combina¬ 
tion operation involving heating, vaporization, fractionation, 
cond(‘nsalion, and cooling. It is the purpose of this chapter to 
discuss th(' tlicoiy of vaporization and condensation, and partic¬ 
ularly th(* ecpiilibrium relations for vapor-liquid systems. Both 
vaporization and condensation are })h(aiomena that involve 
A'a])or-i)ressure, and the two operations can })e conducted as 
analogous processes (‘xc(‘pt that condensation is just the reverse 
of vaporization. The theory of vaporizat ion must be developed 
for two component systems, but to b(‘ of real usefulness in 
petrohMjm ridiriing tlie theory must be adapt(‘d to the treatment 
of systems invoh'ing many com[)on(‘nts. This is accomplished 
by (h<‘ use of the* eciuilibrium-flash-vaporization curve which has 
been introducc'd in Cba|)s. \T and VH. 

The pliysical laws governing the distribution of a component 
b(^t ween tlie li(iuid and tlu^ vapor above the liquid form the basis 
of many refin(‘ry open-ations. Among thes(‘ processing operations 
are sliell- or in[)estill vaporization, fractionation, and condensa¬ 
tion. In addit ion, the vapor-pressur(‘ laws may be applied to the 
(‘stimat ion of fractionating-tower temperatures, partial condenser 
t(‘mp(vratur('s, and friction losses in tul)ular heaters and pipestills 
and in computing the quantity of steam that is required for dis¬ 
tillation and steam stripping. 

Vaporization and Condensation. —Vaporization may be defined 
Its the (diange from the liquid to the vapor state. This change 
absorbs energy. When heat is applied to a mixture of hydro¬ 
carbons under constant pressure, part of the energy is absorbed 
by the change of si ate and part is expended in raising the tempera¬ 
ture of the remaining liquid. This rise in temperature increases 
the vapor-pressure or the tendency of all components of the 
mixture to leave the liquid and enter the vapor-phase. There¬ 
fore, the vapor from a liquid contains some of each of the com- 
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ponent-s present in the liquid. However, rise in temperature 
increases the vapor-pressures of the lower boiling components 
more rapidly than the vapor-pressures of the higher boiling 
components. Thus the vapor vdll be richer in lower boiling and 
poorer in higher boiling components than the liquid that remains, 
and the residual liquid will be richer in higher boiling and poorer 
in lower boiling components than the original liquid. Moreover, 
the vapor will always be richer 
in lower boiling components 
than the original liquid, un¬ 
less the mixture is heated to a 
temperature at which it is 
completely vaporized, in which 
case the vapor will have the 
same composition as the 
original liquid. The equilib¬ 
rium diagram shown in Fig. 

()7 illustrates these principles. 

Below the liquid line the mix¬ 
ture is entirely liquid, and 
above* the vapor line a pure 
vapor-phase exists. Between the two lines a mixture of liquid 
and vapor is present. Raoult^s law was assume^d to be valid in 
com[)uting Fig. 67. 

These generalizations are equally valid whether the vapor is 
removed continuously or remains in contact with the liquid. 
Neverthel(\ss, the manner of separation of the vapor has a 
quantitative effect on the composition of the distillate and of the 
remaining liquid. 

Condensation is essentially the inverse of vaporization. It 
follows therefore that the condensate will be richer in higher 
boiling and poorer in lower boiling components than the original 
vapor and that the remaining vapor will be richer in lower boiling 
components than the condensate. 

Mechanism of Vaporization. —The most common method of 
vapor formation is hatch vaporization as conducted in the A.S.T.M. 
distillation or as practiced in early shellstill distillation. The 
mechanism is differential because as the temperature is raised a 
small amount, a corresponding evolution of vapor takes place. 
As this vapor is removed and the temperature is again raised, 



. Mol Pp.r Cent of Bu+nne 


Fig. 07.—Equilibrium pliase diafiram 
of butane-pentaiie at 100 lb. absolute 
pressure. (Raoult's law.) 
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another evolution of vapor occurs. The operation continues thus 
until finally the liquid is depleted or some extraneous operation 
such as thermal decomposition occurs. In distilling a liquid 
mixture thus, each component in the liquid exerts a partial-vapor- 
pressure or a part of the total vapor-pressure and every 
component tends to leave the mixture in proportion to its partial- 
vapor-pressure at that temperature. The lower boiling compo¬ 
nents, those with high vapor-pressures, compose the most of the 
first vapors, but some n^main in the liquid and are distilled later 
with other components whose boiling-points are much higher. 
The reason for this strange behavior may be most easily pictured 
by conceiving that the high-velocity, low-boiling molecules bump 
into slower moving molecules and lose the energy content that 
would normally cause them to leave the liquid and enter the 
vapor. Some of tlie slower moving molecules may receive enough 
energy by these impacts to leave the liquid, and this occurs 
because we find that high-boiling components are present in the 
first vapor even though tlie temperature is much lower than their 
boiling-p(3ints. Thus a mixture of vapors arises throughout the 
entire distillation. ^ 

Difforctitial or batch vaporization may be mathematically formulated 
as follows. If L represents the liquid, x the percentage of a component in 
the liquid, and y- the percentage of the component in the vapor, a material 
balance with respect to the component Ls 

xL - (x — dx)(L — dL) -f ydL 
xL — xL — xdL — Liix H- dxdL -f ydL 

The second order differential dxdL may be neglected: 

(x -- y)dL “ Ldx 
dL dx 
L y — X 

The quantity that must be distilled in order to cause a particular change 
in composition may be determined by integrating between Lo, the initial 
quantity of liquid, and L\ the final quantity: 

L\ Jzx y — X 

The value of the function dx/{y — x) may be obtained by graphically 
integating between the limits Xi and xo. The various values of x are plotted 
against the corresponding values of l/(x — y), and the area under the curve 
is the integral of the function. The relation between x and y may be 
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obtained by Henryks law or Raoult's law. Data on two component sys¬ 
tems are all that are usually available. 

Equilibrium-flash Vaporization. —^The mechanism of this type 
of vaporization differs from differential vaporization in that the 
vapor is not removed as it is formed but is kept in intimate 
physical contact with the remaining liquid until the heating is 
completed. In the refinery such a method is practiced in the 
pipestill. Any vapor formed in the pipestill tubes is kept in 
contact with the remaining liquid until the mixture floAvs from 
the outlet of the still. Mechanical contacting is effected by the 
high velocity that results as soon as even a small quantity of 
vapor is produced. 

Th(‘ fiash-vaporization curve ma^^ be draAvn just as the batch- 
vaporization curve is drawn, t.c., by plotting the temperature 
against the percentage distilled (Fig. 08). The molecules that 
normally would be vaporized at a low temperatures are unable to 
separate themselves from the liquid, and tlusy lose much of their 
(‘iiergy content to the high-boiling molecuhss.’ Thus vaporization 
does not start to occur at the boiling-point of the lowest boiling 
component, and at low percentages A\aporized the eciiiilibrium- 
flash manner of vapor formation requin^s a higher vapor-t (mipera- 
tiire than batch vaporization. However, aft(‘r haA'ing A^aporized 
a considerable ])ercent age of liciuid, the bomlAardment of the many 
high-velocity vapor molecules succeeds in a^ ai)()rizing a part of the 
high-l)oiling material and the flash-A^aporization cuiwe crosses the 
differential-vaporization cuive (Fig. 68). At percentages past 
the intersection, flash vaporization is highly advantag(;ous 
because a relatively large amount can be distilled without heating 
to a high temperature. 

The saving in heat is not the only advantage. Thermal 
decomposition halts all distillations at liquid temperatures of 
apj)roximately 700®F., and thus by flash vaporization the high- 
boiling part of a liquid may be vaporized, whereas by batch 
vaporization this high-boiling part could ncA^er be vaporized. 
Of course, steam or a low pressure may be used to distill high- 
boiling oils, but these modifications can be applied to either 
method of vapor formation. 

Commercial Vaporization. —In practice, the foregoing methods 
are often used in combination. Successive flash vaporization 
occurs if two or more pipestills are used in series. The liquid 
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residue from the first flash is further heated (or the pressure is 
reduced), and a second flash-operation is conducted. As an 
example, crude oil is often heated in an exchanger system and 
flashed into a fra(;tionating tower. The remaining liquid is then 
heated in a pipestill and flashed in a second tower. The two-flash 
atmosph(vric and vacuum system is also becoming important. 
In this system the crude oil is heated and flashed at atmospheric 
conditions and the residue of red\i(H‘d crude oil (alrt'ady at a high 
temp(^rature) is flash(‘d uruh^r vacuum to recov(M- gas oil and light 
lubricating oils. A two-flash system is som(*tiin(‘s used in rerun¬ 
ning brightstock solution, "i^liis material consists of approxi¬ 
mately 70 per (umt low-boiling naplitha and 30 per cent finished 
brightstock. The na[)htha is flasluHl in one opc'ration, and 
the remaining brightstock is furthtvr heated and flashc^d in the 
presences of st/(‘am. Other examples are the atmospheric-vacuum 
redistillation of pressure distillate and the production of well- 
fractionated solvents by the use of sev(;ral heaters and fra(;tionat- 
ing towers. 

The continuous shellstiil battery is an operation involving flash 
vaporization but not flash vaporization alone. In pure flash 
vaporization the vapor is physically mixed with the remaining 
liquid, but in a shellstiil battery the flash in each still occurs in the 
presence of an al)normally large ciuantity of residue licpiid. Thus 
the concentration of slow-moving mohMniles is high, and these 
molecules tend t o absoih tlu' energy contiait of the lowt‘r boiling 
molecules. Howev(‘r, some molecules have energy ('ontents 
bordering Ix'tween liquid and vapor, and these molecules are 
vaporized. The e(iuilibrium that is established is indeed com- 
pUcat(Hl. Ill a sense, the lalioratory batch distillation, with no 
fractionation, is ecpiivalent to a shellstiil battery having an 
infinite number of stills. Theoretically this method of vaporiza¬ 
tion seems to ha\'(* no outstanding advantages. Batch distillation 
as practiced in a single shellstiil has been discussed on page 222. 

Distillation Curves. —As a summary, a comparison of distilla¬ 
tion curves by various vaporization methods will be useful. 
Figure 68 shows the vapor-temperatures plotted against per¬ 
centage distilh'd for (1) flash, (2) A.S.T.M., (3) Hempel, and 
(4) true-boiling-point distillations of a Mid-Continent pressure 
distillate. The same relations hold true for other stocks but to a 
lesser degree for wide-boiling-range materials. 
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Although the foregoing comparison is commonly used, it 
appears that the engineer should be more interested in the liquid 

5001-1-1- 1 -1-1-1-1-1-1-1 



0 10 20 30 40 50 fcO 70 80 

Percentage Distilled 

Fid. 68.—Vapor-temperatures for several kinds of d 






‘ 0 10 20 30 40 50 60 70 80 90 100 

Percentage Distilled 

Fig. 69.—^Liquid-temperature curves by several kinds of distillation. 

temperatures required for a given vaporization than in the vapor- 
temperatures. Hence the same four curves are compared in 
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Fig. 69, by plotting the liquid temperature against the percentage 
distilled. This figure clearly shows that vaporization can be 
conducted at lower liquid temperatures by flash vaporization than 
by any other method. 

CONDENSATION 

In many ways condensation is just the reverse of vaporization, 
although some of the vaporization mechanisms cannot be 
mechanically duplicated in condensing equipment. Differential 
condensation, in which the condensate is removed as soon as it is 
formed, is not practicc^l comm(‘rcially. Differential condensation 
may be matliematically formulated in a manner analogous to the 
formulation for differential vaporization. 

Equilibrium Condensation. —The mechanism of eciuilibrium 
condensation is practiced in most commercial condensers. The 
condens(‘d liftuid is kept in contact with the remaining uncon¬ 
densed vapor until the outlet of th() (;ondens(‘r (or cooler) is 
r(*a(;hed. Tlu^ flafih-vaporizatiori and the eqidlibnum^conderisation 
curves are identical if intimates physical contacting is maintained 
during both operations. 

In large (U)ndensers of the iulnilar type tlie condenser is 
usually l)roken up into se^'eral s(q)arate condensing units and 
liquid is withdrawn from each, i'^ach of these units is referred to 
as a partial condmsrr. Howi'ver, part ial condensation does not 
give an effect ive sejiaration betwc‘en products, and hence it is not 
generally used as a method of fractioiiation. The partial con¬ 
densers that are used in a modcTii vacuum plant for the separation 
of gas oil and wax distillate arc an exct'ption. This separation 
need not be exact, and hence partial condensei's are satisfactory 
(Fig. 115, Chap. XIX). In the past, dcphlegniators^ or partial- 
condensation towers, cooled either by air or water, were exten¬ 
sively used. Inasmuch as these eciuipments are not used now, 
they will not be discussed further. 

In (certain plant equipment the vapor is suddenly cooled under 
equilibrium conditions, and such a process may be called quench 
condensation. Jet condensers embody this method, but they are 

^ The term dephlegtnat^r is usually reser\'ed for partial-condenser towefs, 
but certain cracking processes have retained this name for their fraction¬ 
ating towers. They have changed the process of separation but have 
retained the older name. 
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not widely used. However, barometric condensers, in which 
steam is condensed with water, are common. Of more impor¬ 
tance is the condensation of vapor on each plate of a fractionating 
tower by reflux. In this case, the condensation may take place 
in the presence of other vapor that docs not condense. As an 
example, kerosene is condensed on a ^^side-draw^^ plate of a 
bubble-tower. Gasoline vapor is also present at the plate, but 
it does not condense. The details of the application of this phase 
of condensation will be discussed in Chap. XXIII. The equilib¬ 
rium-condensation curve also describes quench condensation. 

EQUILIBRIUM 

In order to use any of the aforementioned operations, the 
equilibrium relations between liquids and vapors must be 
jiscertained. In other words, the distribution of a component in 
the two phases after no further interchange takes place must bt^ 
known. For petroleum oil mixtures that contain only a few 
components, the distribution of a component is ac^curately 
d('scribed by Dalton’s law of partial-pressures, by Hcairy’s law, 
and in many cases by Raoult’s law. 

The change of state from licjuid to vapor or from vapor to 
liquid is not unidirect ional. Alt hough t he predominant t(mden(‘y 
may be for the molecules to leave the liquid and (mter the vapor, 
some of the gaseous molecules will reenter the liquid phase. This 
may be explained by the uneven distribut ion of energy among the 
molecules; i.e., although all of the molecules of the vapor are 
in motion, some have greater energ}^ than others as a result of 
collisions and other effects, so that the slower molecules fall back 
into the liquid. Conversely, when the predominant tendency is 
from the vapor to the licpiid state, some of the liquid molecules, 
which have greater velocity than the average, break from the 
liquid surface and reenter the vapor phase. 

When the rate at which molecules leave the liquid is equal 
to the rate at which vapor molecules reenter the liquid, the system 
is said to be in equilibrium and neither vaporization nor condensa¬ 
tion appears to be taking place. In reality, both are occurring 
simultaneously but at equal rates so that the system is in dynamic 
balance. 

Figure 67 show\s the equilibrium relationships between liquid 
and vapor compositions for butane-pentane mixtures at 100 lb. 
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abs. With the pressure fixed, temperature is the only variable; 
i.e.f there is a single composition of the liquid and of the vapor at 
each temperature. At equilibrium, a change in the liquid or 
vapor composition requires a change in temperature, and a 
change in temperature necessarily involves a change in liquid 
and vapor composition. For example, assume that a liquid 
containing 70 per cent butane and 30 per cent pentane is to be 
heated. No vapor will be formed until the liquid equilibrium 
line is reached at 163°F. At this point an infinitesimal quantity 
of vapor will be formed having the composition corresponding 
to 163°F. on the vapor curve, i.e., 88 per cent of butane. If 
heating is continued, the composition of the liquid must neces¬ 
sarily change along the liquid curve with the production of 
increasing quantities of vapor, the composition of whi(*h follows 
the vapor cuive. The change in liquid and vapor compositions 
will continue thus until tlui total vapor has the composition of 
the original liquid and the liquid is completely vaporized. 
Further heating will mer(‘by superheat the vapor without chang¬ 
ing its composition. 

Partial-pressures of Vapor Components. —In a mixture of 
gas(*s, eacli gas exerts a pressure (^qual to the pressure that it 
would exert if it octmpied the entire volume by itself, and the total 
pressure of the mixtures is equal to the sum of the partial-pres¬ 
sures of the com])onent gases (Dalton^s law). The pressure 
exerted by each component is called the partial-pressure^ of the 
component and is dependent on the total pressure and the 
volume or number of molecuk^s of that component in the gas. 

In the gas phase if t is the total pressure and y is the volume or 
mol fraction of an individual component in the mixture, the law 
of partial-pressures may be expressed as 

p = partial-pressure in vapor = tti/, or - = y 

TT 

For example, in a vapor mixture composed of 70 per cent 
butane and 30 per cent pentane at 100 lb. per square inch abso¬ 
lute pressure, the partial-pressures are 

p.p. butane = 100 X 0.7 = 70 lb. per sq. in. 
p.p. pentane = 100 X 0.3 == 30 lb. per sq. in. 

* Confusion often arises over the term partial-pressure, because it is 
used in the same discussion both as it is above and also to denote the fraction 
of the total pressure. 
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Partial-vapor-pressures of Liquid Components. —Just as each 
component of a vapor exerts a partial-pressure, each component 
of a liquid exerts a partial-vapor-pressure. This is dependent 
upon the concentration of the component in the liquid and the 
vapor-pressure of the pure component. The escaping tendency 
of a component appears to depend upon the percentage of the 
surface area (mol fraction) covered by the component and the 
molecular energy (vapor-pressure) of the component. If P 
is the vapor-pressure of the pure component at a given tempera¬ 
ture and X is the mol fraction of this component in the liquid, 

p = partial-vapor-pressure in liquid = Px 
Expressed as a fraction of the total pressure, 



At equilibrium the partial-pressure of a component in the gas is 
equal to the partial-vapor-pressure of the component in the liquid. 
Inasmuch as p/ir is equal to y, the mol fraction of the component 
in the gas is 

;r (Raoult\s law) (30) 

TT TT 

Considering two components, 


and 

adding 

but 


TTl/i = PlXl 

Ty 2 = P2X2 

Tr(yi + 2 / 2 ) = PiXi + P2X2 


X2 = I — Xij 
TT — P2 



and 

and 

and 


2/1 +• ^2 = 1 




(31) 


Kiample 40. Raoult*s Law.- A liquid consists of 42.5 per cent butane 
by volume and 57.5 per cent pentane by volume at 60®F. If the liquid 
is heated to 180®F. at 100 lb. per sq. in. abs., what will be the composition 
of the vapor that is produced? fSee Example 1, pap^e 29, or Fig. 5.) 
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Vapor-pressure of C 4 H 10 at 180°F. = 152 lb. per sq. in. 
Vapor-pressure of C 6 H 12 at 180®F. = 56 lb. per sq. in. 

Sp. gr. at 60°F. of C 4 H 10 = 0.585, and C^Hia = 0.631 


Basis: 100 gal. of the niixture. A.ssume Raoult’s law is valid. 


00 

„ , , ,, „ 57.5(8.33 X 0.631) . 

Mols of C'sHio = - Y 2 - '*•20 

Total moLs = 7.77 
3 57 

X\ « mol fraction C 4 H 10 in liquid == —^7 ~ 

4.20 

Xi = mol fraction CiHu in liquid = = 0.54 or (1 — 0.46) 

See Eq. (30): 


yi = mol fraction of CJTio in vapor = 0.46 = 0.70 

1/2 = mol fraction of CJli^in vapor = ^yioo 0.54 = 0.30 


Thus a licpiid containing 46 per cent butane and 54 per cent pentane (mol 
per cent) at 180‘^F. and 100 lb. p<^r sq. in. is in equililirium with vapor con¬ 
taining 70 per cent butane and 30 per cent pentane (see Example 41 and 
also Fig. 67). 


IlaouU/H law is a special case of the more general relationship 
known as Henryks law. For our ])urposes Henry's law may be 
stated as follows: 

y - Kx (32) 


The constant K must bc^ determined experimentally, and it is a 
function of t(*miH'rature just as vapor-pressure is a function of 
temperature. It is also depeiidcmt on the pressure. In the 
special case of Raoult's law the value of K is equal to the vapor- 
pressure divid(id by the total pressure [see Eq. (30)]. 

Equilibrium Data. —The actual behavior of complex mixtures 
is not so simple as may have been inferred from the foregoing 
discussion. The so-called equilibrium constant devsignated as K 
is not a constant in the ordinary sense because it is a function 
of the kind of material and the amounts and kinds of other 
materials that are present, of the temperature, and of the 
pressure.^ Thus, at the present state of knowledge the values 
of K must be determined experimentally for each material 

* Sage, Hicks, and Lacey, Tentative Equilibrium Constants for Light 
Hydrocarbons, A.P.I. Meeting, Wichita, Kans., June, 1938; also Ref. Nat. 
Gaso. Mfr.y July, 1938, p. 350. 
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and for each system in which the material may be present. 
However, there are particular situations in which the con¬ 
stants can be estimated with some accuracy. In general, 
Raoult^s law [Eq. (30)] may be employed for the normal paraffin 
hydrocarbons if the pressure is below 60 lb. per square inch.^ 
As the pressure approaches the critical pressure of the system, 
the deviation becomes great and constants such as those shown in 
Tables 32 and 33* and Figs. 70 to 74^ may be used Avith more 


Table 32. —Equilibrium Constants for Methane 
(Sage, Hicks, and Lacey) * 


Pre»»ure, 
III. per sq. in. 

At lOO^F. for lea.^- 
volatile constituents of 
these molecular weights 

At 160®F. for less- 
volatile constituents of 
these molecular weights 

At 220‘’F. for less- 
volatile constituents of 
these molecular weights 
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15 

12 

400.0 

8t 

9 

10 

10 

8 


10 

11 

11 

9 


10 

11 

111 

9 

600.0 

6.66 

7.20 

7.91 

8.22 

6.82 

0.80 

7.74 

8.71 

8.86 

7.40 

7.13 

8.00 

8.93 

9.09 

7.53 

750.0 

4.48 

5.01 

5.48 

5.72 

1 

4.84j 

4.60 

5.32 

5.94 

0.18 

5.21 

4.89 

5.52 

0.06 

6.30 

5.33 

1,000.0 

3.42 

3.90 

4.29 

4.48 

3.86 

3.46 

4.10 

4.55 

4.84 

4.14 

3.00 

4.24 

4.61 

4.91 

4.23 

3,000.0 


1.17 

! 

1.66 

2.14 

1.78 



1.74 

2.15 

1.90 



1.66 

2.09 

2.00 


♦ Onlj' for a system whose leas volatile con.stituent has a viscosity-gravity factor of 0,82. 
t Figures rounded out to whole numbers, here and in many other instances. 


accuracy. At extreme pressures and temperatures no suitable 
constants or methods are available, but the fugacity method 
of Lewis and others® may be used to gain some idea of equilibrium 
relations under these conditions. For the special case of gaseous 
paraffin hydrocarbons in equilibrium with crude oil the data of 
Katz and Hackmuth® are perhaps the best. 

* Brown and Soudbbs, Properties of the Paraffin Hydrocarbons . . . , 
OH Gob J., May 26, 1932, p. 41. 

* Cope, Lewis, and Weber, Ind. Eng. Ckem.j 23, 887 (1931). 

* Vaporization Equilibrium Constants in a Crude Oil-Natural Gas System, 
Ind, Eng. Chem., 29, 1072 (1937). 
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It must be pointed out that the equilibrium data now available 
(Tables 32, 33 and Figs. 70 to 74) are not adequate* for many 
eonditions and are presented in order to provide a means of 
illustrating the principles involved in computations. An 
attempt is made in Tables 32 and 33 to illustrate the (effect of the 
kinds of other components that are present on the constant for the 
material under consideration, but no information on the effect 


Table 33.— Kquilibrutm (V)nstants for Ethane 
(Sago, Hicks, and liacey) 



At lOO^'F. for le.s.s- 

At 100”F. for less- 

At 220‘T. for less- 

Pressure, 

volfitiU; eonstitvient.s 

volatile constituents 

volat il(; (constituents 

Ih. per 
sq. in. 
abs. 

of tliese molecular 
weights 

of these molecular 
Aveights 

of tliese molecular 
weights 

100 

200 

300 

1(X) 

200 

300 

100 

200 

300 

14.7 

37.1 

38.7 

41 .2 

56.5 

55.7 

50.9 

75.6 

77.2 

73.7 

20.0 

27.3 

28.5 

30.3 

41.5 

42.5 

41.9 

.55.0 

56.9 

54.2 

40.0 

13.8 

14.4 

15.3 

20.9 

21.4 

21.1 

27.8 

28.6 

27.3 

60.0 

9.2 

9.7 

10.3 

14.0 

14.3 

14.2 

18.6 

19.2 

18.4 

100.0 

5.() 

5.9 

6.3 

8.5 

8.7 

8.7 

11.2 

11.7 

11.2 

150.0 

3.84 

3.99 

4.26 

5.73 

5.90 

.5.90 

7.56 

7.88 

7.67 

200 0 

2.93 

3.06 

3.28 

4.35 

4.49 

4.52 

5.72 

6.04 

5.90 

300 0 

2.05 

2.13 

2.27 

2.96 

3.09 

3.15 

3 89 

4.13 

4.13 

400.0 

1.61 

1.66 

1.79 

2.30 

2.41 

2.46 

2.96 

3.22 

3.23 

5(K).0 

1.35 

1.38 

1.50 

1.90 

2.00 

2.07 

2.12 

2.68 

2.71 

750.0 1 

1.04 

1.04 

1.10 

1.35 

1.46 

1.56 

1.70 

1.93 

2.02 

1,000.0 
3,000.0 


0.93 i 
0.74 

1.06 

0.93 

1.09 

1.22 

0.83 

1 .33 
0.97 

1 .35 

1.59 

0.94 

1.69 

1.06 


of the amounts of the other components is available. Although 
Brown^ has suggested deviation factors to be used with his 
equilibrium constants, as given in Figs. 70 to 74, to account for 
the failure of liquids to behave as ideal solutions, the use of 
such corrections does not appear to be justified because of otlier 
shortcomings of our knowledge. 

At the present time no constants for the heavier hydrocarbons 
found in petroleum are available, and hence it can be suggested 

^ Brown and Katz, Vapor Pressure and Vaporization of Petroleum 
Fractions, Imi. Eiig, Chem., 26, 1373 (1933>, 
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only that Raoult's law be adopted and that vapor-pressures (Fig. 
52) divided by pressure be used as equilibrium constants. 

Although Dalton\s law of partial-pressures is known to be in 
error at high temperatures and pressures, no other simple. 
relationship is available. 

Example 41. Eqtiilibrium Relations at High Pressures. —Example 40 
will Iw repeated using the actual equilibrium constants rather than assuming 
that llaoult’s law is valid. When the actual constants are used, the com¬ 
positions of both the liquid and the vapor may be different from those in 
Example 40. An expression similar to Eq. (30), but using /iC’s, is as follows: 



K\ for butane (Fig. 72) at 180®F. and 100 lb. — 1.4 
A'a for pentane (Fig. 74) at 180°F. and 100 lb. == 0.6 


X."* — .u 

= 1 - 0.50 =: 0.50 
y^ - Kixi = 1.4 X 0.50 = 0.7 
2/2 = K 2 X 2 = 0.60 X 0.50 == 0.3 

It is a coincidence that vapor composition Is the same as in Example 40. 
Note that in this example the 7(>-*30 vapor is in equilibrium with a 50-50 
licpiid whereas in Example 40 a 70-30 vapor was in equilibrium with a 
46-54 liquid. 


Equilibrium Relations for Complex Mixtures. —Raoult^s and 
Henryks laws [Eqs. (30 and 32)] may be applied in the same 
manner as in Examples 40 and 41 to the solution of problems 
that involve complex mixtures, except that trial-and-error 
methods must be used. The percentage vaporized at a given 
temperature can be computed, and the composition of the residue 
liquid and vapor can also be determined. 

Consider 100 mols of a liquid feed-stock called X consisting 
of Xi, X 2 , Xs, etc., mols of the different components designated 
by the subscripts 1, 2, 3, etc. By equilibrium vaporization of 
this mixture, by heating to a giv'cn temperature at a fixed pres¬ 
sure, V mols of gas is produced which contains Fi, F 2 , F 3 , etc., 
mols of the several components. A liquid residue, L mols, is left 
behind, and it also consists of Li, L 2 , L#, etc., mols of the several 
components that constitute the feed. 
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By a material balance: 


Feed-stock. X = Xi -f X^ + Xz -f- • • • 

Vapor.F = Fi-1-F2+F3 + • • • 

Residue liquid.• * • 


The mol fraction of each component may be expressed as 

Xi. X2. £2. U, . 

Xf X* j^,eic. 

Furthermore, for the total material or for any component, 
material balance equations of this nature may be written 

X^L + V; Xi=Li + Fi; and Xn ^ Ln + Vn 

Henry’s law applied to any component is 



or 

Vi = XiLi p F, = XsZ/3 J-, etc. 
Substituting (X — V) for L, for each component, 
Fi = KriXi - F>) p etc. 
Solving for Fj and simplifying 

Fi = -f -etc. 

I + K, 


Since the sum of the volumes or mols is the total mols of vapor, 


^ K2X, ^ K zXz 

y + K2 y + Kz 


. . . , etc. = V (33) 


A similar statement assuming Raoult’s law but stated for the 
liquid residue is as follows: 
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In this equation ir refers to the total pressure and Pi, Pa, etc., to 
the vapor-pressure of each component. 

In solving these equations it is necessary to assume a value 
of L (or V ); and by substituting this value, a value of L can bev 
computed. If the computed value is not the same as the assumed^ 
value, other assumptions must be made until finally the assump¬ 
tion checks the computed value. By solving the equation for 
several temperatures, an equilibrium-flash-vaporization curve 
may be drawn. 

A similar equation but for the mechanism of condensation is as 
follows: 

.+ (35) 

y Kx y y Kz > 

where (/i, (7*2, (h, etc. = mols of each component in original gas. 

Cxf C« 2 , Cz, etc. = mols of each component in condensate. 

Fi, Vzj etc. = mols of each component in final gas. 

In solving an equation that contains several variables, then' 

will be as many solutions as there are variables. Perhaps the 
most reliable metliod of selecting the true solution is to inspect 
the vapor-pressures or equilibrium constants of the components. 
The partition between liquid and vapor will occur at or near the ’ 
component whose vapor-pressure is equal to the pressure of 
the system. The method is exact unless one of the equilibrium 
phases is much largc'r than the other. 

Example 42. Equilibrium Vaporization of Complex Mixtures.—A wild 
gasoline contains 15 per cent CH 4 , 10 per cent C 2 H 0 , 30 per cent CsHa, 5 per 
cent t C 4 H 10 , 10 per cent CMIio, 15 per cent CsHu, and 15 per cent CeH^ and 
heavier materials. Vaporization is conducted at 232 lb. per sq. in. abs. and 
at a temperature of 100®F. What is the composition of the residue gasoline 
and of the gas that is vaporized? basis: 100 mols (or 100 volumes) of gas. 

Since Eq. (34), which a.ssumes Raoult’s law, is the more complicated,, 
this equation will be used. Note, however, that RaouU/s law is not valid 
at these conditions and that more exact results would be obtained by using 
Eq. (33). 

Inasmuch as the vapor-pressures of CjHs and C 2 H 6 are 194 and 750 lb. 
per sq. in. respectively and the vaporization pressure is 232, the amount of 
vapor will be something larger than 25 per cent. Assume L ~ 70 (see 
Table 34, column 3). 

ForL -70, 


r _ 100 - 70 
r * 70 


0.429 
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Solving for Li, as an example [Eq. (34)], 

Pi « vapor-pressure of CsHg « 194 lb. per sq. in, 

r__ 30 X 232 _ 

^ + Pi{V/L) 232 -f- 194 X 0.429 “ 

'rhe values of Li, L 2 , L*f etc., are computed in a tabulated form in Table 34. 


Table 34 


( 1 ) 

Material 

( 2 ) 

Value 
of X's, 
mols 

(3) 

Value 
of P*s, 
lb. per 
sq. in. 

(4) 

rsT 

(5) 

v 

( 6 ) 

(5) +T 

(7) 

(4) ( 6 ) 

L’s, mols 

( 8 ) 

( 2 ) - ( 6 ) 
V’s, mols 

CH 4 . 

15 

4,100 

3,480 

1,755.0 

1,987.0 

1.75 

13.26 

C 2 H 0 . 

10 

750 

2,320 

321.0 

553.0 

4.2 

5.8 

C,Hh . 

30 

194 

6,950 

83.1 

315.1 

22.0 

8.0 

fC4Hio.... 

5 

78 

1,160 

33.4 

265.4 

4.38 

0.62 

C 4 H .0 . 

10 

56 

2,320 

24.0 

256.0 

9.06 

0.94 

C5H12 . 

15 

19 

3,480 

8.1 

240.1 

14.5 

0.60 

CeHu+ .. 

1 

15 

4 

3,480 

1.7 

233.7 

14.9 

0.10 







70.79 

29.21 


'["able 34 shows that the assumption of 30 mols vaporized was not exactly 
correct but the check was close (29.21). Another assumption and computa¬ 
tion is not justified. About 29 per cent will be vaporized at 100°F. 

The mol composition of the equilibrium vapor and liquid may be com¬ 
puted by dividing the mols of each component by the total mols 


CJomponent 

Residue liquid 

Vapor 

CH4. 

2.47 

45.37 

CaHc . 

6.93 

19.86 

C.H,. 

31.08 

27.39 

tC4Hlo . 

6.18 

2.12 

C.H.o. 

12.80 

3.22 

CsHi'i . j 

20.49 

1.71 

CJI,4+. 

21.06 

0.34 


100.0 

100.0 


Experimental Vaporization Curves. —When such complex 
materials as gasoline and petroleum fractions are dealt with, 
the application of the aforementioned equilibrium laws is cumber- 
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some. Furthermore, the component analyses of these heavy oils 
cannot be easily obtained; and even if such analyses are available, 
the vapor-pressure data for the compounds are not always 
available. 

At present, the practical way to determine equilibrium relations 
is by means of experimental flash-vaporization curves and by 
empirical correlations of these curves. 



Fig. 75.—Correlation of flash curve and A.S.T.M. (or 10 per cent) distillation 

curve. 

Piromoov and Beiswenger® have presented a correlation of flash- 
vaporization curves. Twenty-two flash-vaporization curves 
were studied. The empirical correlations shown in Figs. 75 and 
76 were derived by the author by the use of the foregoing* 
vaporization data and 42 other flash-vaporization curves. 

The term slope, which is used on these two figures, refers to the 
increase in temperature required to cause an increase of 1 per cent 

■ Am. Petroleum Inst. Bull. 10, No. 2, Sec. II, p. 52, 1929. 
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in the quantity vaporized. The slope, on either the distillation 
or the vaporization curve, is taken between the 10 and 70 per cent 
points. Of course, it may change along the entire distillation 
cun^e, but the 10 to 70 slope is usually a good average for the 
■^iitire curve. The slope is expressed as degrees per per cent 
distilled. 


Slope of Troe-boUlng-Poinf Curve 



Fig. 76.- 


50 Percent Soiling-Point, 

True-Boiling-Fbint Curve 
-Correlation of Hash curve and truc-bo.iling-point distillation curve. 


For A.S.T.M. distillations of the lighter petroleum products, 
»the computed flash curves are accurate withim ±3 per cent 
throughout the middle of the vaporization curve. The “tails” 
that are present on the end of the curve introduce an error, but 
the problem of predicting the curvature of the flash curve will be 
dealt with later. The correlation of data in Fig. 75 for A.S.T.M. 
distillations is more exact than in Fig. 76. The superior cor¬ 
relation between nonfractionating (A.S.T.M.) distillations and 
flash curves may be explained by the semi-flash conditions that 
exist during the nonfractionating distillation. The A.S.T.M. 






244 PETROLEUM REFINERY ENGINEERING 

distillation actually consists of an infinite number of successive 
flash vaporizations. The freak behavior of a stock due to an 
abnormal distribution of compounds or due to the presence of 
compounds or mixtures that do not behave in accordance withv 
the common laws is at least partly eliminated in the A.S.T.M. 
distillation. In the true-boiling-point distillation these pecu¬ 
liarities are accentuated. 

For relatively simple mixtures for which the component 
analysis is available, Eqs. (33) and (34) may be used. The 
equations are solved for several different temperatures to deter¬ 
mine the amount of vaporization at each temperature under 
equilibrium conditions. The series of points constitutes the 
flash-vaporization curve. j 

Curvature of Flash-vaporization Curves. —The foregoing 
correlation method results in a straight-line flash curve. If the 
distillation curve of the material is substantially a straight 
line, then the flash curve is also nearly straight. However, 
most materials have tails or pronounced curvatures at the ends 
of the distillation curve. If curvature exists, then the flash 
curve also exhibits a curvature but to a lesser degree. The 
departure from a straight line may be approximately computed 
from the curvature of the distillation curve. The deviation from, 
the 10-70 slope that any particular section of the distillation 
curve may exhibit is directly proportional to the deviation of the 
actual flash curve from the straight-line flash curve. Thus 

Slope o f dist. curve, 10-70% _ 

Slope of flash curve, 10-70% ~ 

slope of dist. curve through short range 
slope of flash curve through short range ^ ^ 

This method is accurate for those distillation curves which are 
substantially straight throughout the 10-70 per cent range, but 
for curves whose slope changes throughout the entire distillation 
curve the method is not entirely satisfactory. The difficulty 
probably lies with the inaccuracy of estimating a true average 
slope and not with the preceding relation. 

The flash curves of freak stocks such as brightstock solution 
and some pressure distillates cannot be determined by these 
methods. At present the only way to obtain flash-vaporization 
data for such stocks is by laboratory experiments. Figure 77 
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indicatevS the type of flash-vaporization curve that is obtained 
with unusual stocks. 



Fig. 77.—Vaporization curves of a Mid-Continent briglitstock solution. 

Example 43. Curvature of Flash-vaporization Curve.—The experi¬ 
mental flash-vaporization curv^e and the A.S.T.M. distillation of*a pressure 
di.stillate are shown in Fig. 80. The computed straight-line flash curve is 
shown dotted; the triangular points are computed points, and the circle 
points are cxj^erimental ones. 

4.00 — 170 

Slope of A.S.T.M., 10-70 per cent = ——~ 4.34 

Slope of flash, 10-70 per cent (Fig. 75) == 2.65 

50 per cent B.P. on A.S.T.M. = 365°F. 

50 per cent on flash (Fig. 75) = 335°F. 

^100 per cent point on linear flash curve, 

335 + 2.65 X 50 = 467°F. 

As a check, at 0 per cent, 

335 - 2.65 X 50 = 203'^F. 

Computing Curvature: 

Katio of 10-70 per cent slopes 


2.65 

4.34 


0.609 
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Start at the 60 per cent boiling-point, and work in both directions. As 
an example, the 60 per cent and 45 per cent points will be computed: 

Slope of A.S.T.M. between 45 and 60 per cent = 3.46 
Slope of flash between 45 and 60 per cent = 3.46 X .609 — 2.11 
Temperature at 60 per cent on flash = 335 + 10 X 2.11 = 356°F. 
Temperature at 45 per cent on flash = 335 — 5 X 2.11 = 324°F. 

The other points were computed as shown in the following tabulation: 


Range 

Slope of 
A.S.T.M. 

1 

(.V)rnputed 
slope of 
fla.sh 

Increment for 
range 

Points on 

curve 

45-4)0 

3.46 

2,11 

15 X 2.11 = 31.7 

324 and 356 

60-76 

3.06 

1.86 

28 

356 and 384 

75-90 

3.6 

2.2 

33 

384 and 417 

30-46 

4.2 

2.56 

38 

286 and 324 

15-30 

5.45 

3.32 

50 

236 and 286 

5-16 

7.7 

4.7 

10X4.7 =47 

191 and 236 


Equilibriiiin-flash-vaporization curves may Ih) converted to 
other |)n>ssur(^s than atmospheric by means of Fig. 52 (page 131). 
Piromoov and B(‘isw(‘nger^ conclude' that, the effect of pressure is 
to low('r or raise th(‘ boiling-point just as it does the boiling-points 
of pure 'paraffin Viydrocarbons. However, they suggest that 
the cornM'tion be mad(' at the point where the two curves cross. 
They find that the (uirves cross at the same percentage point 
regardless of pressure and hence the intersection is the only 
l)oint that can be accuratedy used in correcting the flash curve to 
another pressure. 

Separation Obtained by Flash Vaporization. —Not many 
experiments have been conducted concerning the composition 
of the vapor and of the liquid that result by flash vaporization. 
Leslie and Good® have studied Cabin Creek Pennsylvania crude 
oil, and Fancher^® has studied several other stocks. The distil¬ 
late contains material that boils above the flash-point, and the 
residue contains material that boils below the flash-point. The 
results of these investigators®*'® are reported in Table 35. 

• The Vaporization of Petroleum, Ind, Eng. Chem.y 19, 453 (1927). 

^®The Vaporization of Petroleums and Pressure Distillates, Petroleum 
Eng.f March, 1931, p. 176. 
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Table 36.— Sepabation bt Flash Vapobization 


Material 

Refer¬ 

ence 

Material in dis¬ 
tillate, boiling 
below flash tem¬ 
perature, per cent 

Distillate, boiling 
below flash tem¬ 
perature, found 
in residuiims, 
per cent 

Cabin Creek crude. 

9 

82.3 

11.6 

Mid-Continent crude. 

10 

80.8 

8.9* 

Inglewood, Calif., crude. 

10 

81.6 

7.5* 

Cabin Creek (successive flash) 

9 

80.65 

16.4 


♦ Approximate. 


Fancher finds that for pressure distillates the items shown in 
Table 35 are not constants; t.e., the higher the flash temperature 
the poorer the separation. As an example, Fancher^s*® data on 
shellstill pressure distillate are approximately as follows: 


Flash Temperature 

Material, in Distillate, 
Boiling below 
Flash Temperature 

300 

76 

350 

68.5 

400 

60 

450 

60 


Vaporization in the Critical Region.—Insufficient information 
is available for determining the exact behavior of mixtures at 
temperatures and pressures in the critical region, but the general 
situation is understood. Lines A and B in Fig. 78 indicate the 
vapor-pressure lines of two hydrocarbons (A and B) that com¬ 
pose a mixture, and line C may be considered to represent another 
hydrocarbon that exhibits properties that in most respects 
represent the properties of the mixture—or better, line C 
represents the molal average vapor-pressure of the mixture and 
the molal average or pseudo-critical temperature and pressure 
of the mixture. Critical-points are indicated as a, ft, and c 
respectively. 

The gaseous volume of the mixture may be computed for any 
condition that is not close to the envelope in the diagram, 
from the pressure-volume-temperature relations of the hypo¬ 
thetical material C using the pseudo-critical point designated as 
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C (Fig. 41, page 111). Lines of constant volume are indicated on 
the diagram. 

The degree of density under various conditions is indicated on 
Fig. 78 by the blackness or whiteness of each part of the single-' 
phase area. Thus, highly compressed liquids or vapors are 
shown as dark areas in the left and upper part of the diagram, 
and the density graduates smoothly to the low-pressure high- 



Temperature > ■ 


Fig. 78.—Liquid-vapor phaso relationship at extreme temperatures and pressures. 

temperature area in the lower right corner, which we refer to as 
a typical or ideal gas region. Note that it is possible by com¬ 
pressing a liquid, heating it, and reducing the pressure to convert 
a liquid into a gas without conducting vaporization. The 
common process of distillation is indicated midway on the dia¬ 
gram as a horizontal line or constant-pressure process in which 
the liquid is heated, vaporization occurs throughout a range of 
temperature, and finally the vapor may be superheated. In a 
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similar manner, a constant-temperature expansion (or compres¬ 
sion) of a dense fluid is indicated as a vertical line midway on the 
diagram. In such a process, liquid is produced upon partial 
expansion, but the liquid vaporizes again upon further reduction 
'^of pressure so that nothing but a pure gas phase remains after 
expansion. This situation has been encountered commercially as 
retrograde condensation. Extremely high-pressure gas wells 
deposit a maximum amount of condensate when the pressure is 
reduced to about 1,000 lb. per square inch. 



Temperature Deg. F 

Flo. 79,—The loci of the critical states for a number of binary hydrocarbon syto¬ 
tems on a pressure-temperature diagram. {Courteny of Ref. and Nal. Gas. Mfr.) 

Little is known about high-boiling mixtures such as those in 
petroleum oils except that the actual, or true, critical-point 
of the mixture is at some exceedingly high pressure (over 5,000 lb. 
^in some instances), but some two-component systems have been 
studied, i.e., methane-propane,^^ methane-w butane,methane-n 
fKintane,^^ methane-n hexane, nicthane-n heptane,^® methane- 
cyclohexane, propane-n butane ,n pentane-n heptane,^® eth- 

“ Sage, Lacey, and ScHAArsMA, Ind. Eng. Chem., 26, 214 (1934). 

'*Sagb, Webster, and Lacey, Ind. Eng. Chem.j 28, 1045 (1936). 

Johnson, Thesis on Vapor Liquid Equilibrium, University of Alberta 
^Library, 1936. 

Nyse WANDER, Thcsis, California Inst. Tech., 1938. 

“ Cummings, Stones, and Volantb, Ind. Eng. Chem., 26, 728 (1933). 
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ane-n heptane,^* ethane-n butane,and methane-n butane.^® 
Some of these are indicated in Fig. 79, which was taken from Sage, 
Hicks, and Lacey.® Note that each of the curves on Fig. 79 
represents the whole range of composition between 100 per cent ' 
of one component and 100 per cent of the other. Thus, for the 
methane-n heptane curve, a whole series of curves could have 
been shown lying between —120 and 500°F. representing all 
mixtures between 0 and 100 per cent methane. 

ElSect of Steam. —In many petroleum distillations, steam is 
admitted to the space in which vaporization occurs. The steam 
reduces the partial-pressure in the vapor by Dalton^s law. The 
boiling-point of a material may be reduced in only two ways. 
The pressure may be reduced, or some inert gas such as steam 
may be introduced. In both cases, if the boiling-point is reduced 
the same number of degrees, the concentration of oil molecules 
in a unit volume of vapor is the same. 

If 0 denotes the mols of oil vapor, S the mols of steam, p© the 
partial-pressure of the oil vapor, p, the partial-pressure of the 
steam, and ir the total pressure. 




0 p, 

0 + S T 

and 


s P. 

0 + S~ T 

Dividing, 

s 

0 

= or S 

P. 

but 


p. + p» = X 

and 


<S = 0 = ( 

Po 


Po 


0 ^ 

Po 


(37) 


The steam need not be bubbled through the oil, although no 
harm results by so doing. The derivation of Eq. (30) shows that 
if the partial-pressure in the gas phase is reduced, the partial- 

« Kat, W. B., Ind. Eng. Chem., 80, 469 (1938). 

» Kat, W. B., Ind, Eng, Chetn., 82, 353 (1940). 

Sags, Bupunholzbr, and Lacbt, Ind. Eng. Chem., 82, 1262 (1940). 
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vapor-pressure in the liquid must decrease. Thus the use of 
steam causes vaporization to proceed until the partial-vapor- 
pressure in the liquid is equal to the partial-pressure in the gas 
phase. 

Gurwitsch^® and others have reported that steam is more 
effective in reducing the boiling-point than Dalton’s law indicates. 
Nevertheless, the error that is introduced by the use of Dalton’s, 
law in design work is probably not important. 



Fia. 80.—Vaporisation curves of a pressure distillate. 

The foregoing discussion applies primarily to the gaseous 
phase. The situation in the liquid-phase is different from any 
situation discussed heretofore, because oil and water are not 
soluble in each other. In the liquid-phase the water exerts its 
full vapor-pressure, but each of the mutually soluble constituents 
exerts only its partial-vapor-pressure as discussed on page 229. 
If the temperature is high, the vapor-pressure of water is so 
great that no liquid water exists, but at low temperatures or 

Gukwitsch-Moore, ** Petroleum Technology,” 2d ed., D. Van Nostrand 
Company, Inc., New York, 1924. 
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high pressures an insoluble water-oil system must be handled. 
In most instances, trial-and-error computations are necessary. 

Example 44. Steam Required for Distillation. —A temperature of 370°F. 
is required to vaporize 65 per cent of the pressure distillate (Fig. 80) by 
flash vaporization. It is desired to reduce the temperature to 340®F. by 
means of steam. Vaporization takes place at atmospheric pressure. 

Basis: 100 mols of oil vapor. 

In order to reduce the boiling-point from 370 to 340°F., the vaporization 
must be conducted at 490 mm. pressure (Fig. 52, page 131). Enough steam 
to reduce the partial-pressure in the gas phase to 490 mm. will be used [see 
Eq. (37)1. 

(760 - 490) 

100 490 

S = 55 mols 
or 

= 55 X 18 = 990 lb. 

If the pressure in the tower were 10 lb. per sq. in. gage, 

760 + 760 = 1,277 mm. 

g = 100 = 158.5 mols or 2,860 lb. 

490 ’ 

APPLICATION OF FLASH-VAPORIZATION DATA 

With the possilde exc(^ption of heat-transfer data, no design, 
fundamental is of more importance and more widespread 
usefulness than equilibrium vaporization. The equilibrium 
relations between an oil and its vapor are necessary in the solu¬ 
tion of almost all phases of design calculations. For complex 
mixtures no other relations than the empirical ones shown in 
Figs. 75 and 76 are available. By following an oil through a 
complete processing operation the following uses for flash- 
vaporization data appear: 

1. Pipestill-outlet and tower-vaporizer temperatures. 

2. Computation of the amount of vaporization in pipestill tubes. 

3. Pressure-drop in pipestills (caused by vaporization). 

4. Computation of tower plate-temperatures and the top temperature. 

5. Heat-transfer rates in vapor condensers. 

6. Design of condensers and partial condensers. 

Indeed the complete usefulness of this kind of data has not yet 
been explored. Doubtless during the next few years it will be 
used in the computation of the number of plates required in heavy 
oil fractionators. The application of vaporization data to all of 
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these problems cannot be illustrated here, but many of them 'will 
be introduced in subsequent chapters. 

True-Boiling and A.S.T.M. Distillation Curves. —In applying 
equilibrium computations to commercial oils, the computations 
''must be based on true-boiling-point data, whereas the finished 
products are sold on a basis of the A.S.T.M. distillation. For 
this reason it is necessary to have a relation between true-boiling 


A.S.IM. BOILING POINTS-T 

200 250 300 350 400 450 500 550 600 650 700 



tillation curves. {Courtesy of Oil Gas J.) 

distillation data and A.S.T.M. data in order to judge the degree 
of separation that is attained. Such a relationship is shown in 
Fig. 81,20 based on only a few experiments. This figure is 
used similarly to Figs. 75 and 76 (page 242) except that the slope 
is established between the 20 and 80 per cent points and the 

••Hansbttrg, M., Thesis, University of Tulsa, 1939; also Nelson and 
Hansbxjbg, Oil Qob Aug. 3, 1939, p. 45. 
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90 and 99 per cent points have been related as well as the SO per 
cent points. No entirely adequate^® method of correlating the 
low-boiling end of such curves has been developed, although 
approximate results can be obtained by the method proposed by 
Hansburg.^o A more complete study of this relationship has been 
published by Geddea.®^ 

Successive Flash Vaporization.—The effect of light vapors in 
aiding to vaporize heavier materials has been aptly referred to as 



the carrying-effect of light ends.''® In the case of successive 
flash vaporization the carrying-effect of the lighter materials is 
forcefully evident. A part of the vapor is removed in the first 
flash, and hence the carrying-effect of this quantity of vapor is no 
longer available. Owing to the removal of the light vapor, the 
remaining liquid must be heated for several degrees before addi¬ 
tional vaporization occurs. This effect is illustrated in Fig. 82. 
The same oil as that shown in Fig. 80 was used, but it was vapor¬ 
ized by three successive flash vaporizations. 

Gsddss, R. L., Computation of Petroleum Fractionation, Ind, Eng, 
Chem., 88, 795 (1941). 
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Eztmple 45. Successive Flash Vaporization. 

First flash (0 to 30 per cent) (see Example 43). 

Second flash (30 to 60 per cent). To avoid confusion, the 70 per cent 
that remains should be redrawn as 100 per cent. 

10-70 slope of dist. = —- ^ =* 2.37 

10-70 slope of flash curve = 1.3 (Fig. 75)* 

50 per cent B.P. of dist. curve == 415°F. 

50 per cent point of flash curve - 412°F. (Fig. 75) 

100 per cent point = 412 + 50 X 1.3 = 477°F. 

♦ The use of the remaining part of the curve as an A.S.T.M. is not exact. 

Third flash (60 to 100 per cent). 


10-70 slope of dist. = — ^ = 1-36 

10-70 slope of flash = 0.7 

50 per cent point of dist. = 461 °F. 

50 per cent point of flash = 461'’F. 


100 per cent point of flash — 461 + 50 X 0.7 == 496 

The disadvantage of successive flashing is apparent. For example, to 
vaporize 80 per cent requires temperatures of approximately 415, 440, and 
461 “F. respectively by single, double, and triple flash. 

Pipestill-outlet Temperature. —If the flash temperature ro 
quired to vaporize a given percentage of material is, say, 500°F,, 
the pipestill-outlet temperature must be higher than this unless 
the entire vaporization takes place within the pipestill tubes. 
Usually the pipestill outlet is under a pressure due to the friction 
losses in the transfer line, and the pressure suppresses vaporiza¬ 
tion. As the oil travels through the line, the pressure decreases 
and vaporization occurs by abstracting heat from the fluid as 
sensible heat. HoAvever, the vaporizer temperature at the outlet 
of tlie transfer line is a true flash temperature and may be com- 
puted as shown heretofore. 

The pipestill-outlet temperature cannot be determined unless 
the amount of vaporization that has occurred in the pipestill is 
known. 

Example 46. Calculation of Pipestill-outlet Temperature.— 7 A pipestill 
to be used to distill 65 per cent of the pressure distillate shown in Fig. 80. 
The tower pressure is 1,100 mm., and by experience with this oil it has been 
found that the vaporizer temperature of the tower must be reduced with 
steam to at least 325°F. in order to avoid discoloration. 

A. How much steam is required? 
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B. What will be the temperature at the outlet of the pipestill if no vapor¬ 
ization occurs in the tubes? 

C. What will this temperature be if half the vaporization occurs in the 
tubes? 

Basis: 1,000 gal. of pressure distillate per hr. 

A A temperature of 370°F. is required to vaporize 65 per cent if no 
steam is used, and the vaporization takes place at 760 mm. (Fig. 80). This 
temperature must be; reduced by 45“F. (370 — 325). The intersection of 
the distillation and vaporization curves is at 270°F. 

Since flash curves are parallel at different pressures, the flash curve in 
the presence of steam may be located by determining the partial-pressure 
required to reduce the temperature by 45""; i.e., the 270 point is corrected 
to 225°F. From Fig. 52 (page 131) the partial-pressure is 360 mm. For a 
cracked stock (characterization factor of 11.8), 


Molecular weight 
Gravity of gasoline 
Gravity of butts 
Correction for specific heats = none 

_ 1,000 X 0.65 X 6.455 


= 125 (Fig. 35) 

= 51 A.P.I. (Fig. 35) 
= 39 A.P.I. (Fig. 35) 


Mols gasoline 

Mols steam [Eq. (37)] 
Lb, steam per hr. 


125 

^ 1,100 - 360 

-’360 ^ 

== 69.2 X 18 


33.6 

69.2 

1,245 


B. Pipestill outlet-temperature with no vaporization in tubes. Enough 
steam will be used to maintain a vaporizer temperature of 325°F. Enoxigh 
sensible heat above a temperature of 325°F. must be added to supply the 
heat of vaporization of the gasoline. Vaporization will occur at an average 
temperature of about 380°F. 


Latent heat at 380°F. = approx. 112 (Fig. 37) 

Total latcmt heat - 1,000 X 0.65 X 6.455 X 112 = 471,000 B.t.u. 


Assume outlet temperature of 440''F., and check. I'se an average of the 
specific heats of liquid and of vapor, for gasoline. 

Gasoline: 1,000 X 0.65 X 6.455(440 - 325) ^ = 293,000 

Butts: 1,000 X 0.35 X 6.95(440 - 325)0.637 = 177,000 

Totjil heat from cooling = 470,000 B.t.u. 

The total latent heat should equal the total sensilde heat if the assumed 
temperature is correct. In this case the deviation of only 1000 B.t.u. is 
sufficiently accurate. 

C. Pipestill with 50 per cent of vaporization occurring in the tubes, 
A.P.I. of material that vaporizes (32.5 to 65 per cent) is about 46. 

I^atent heat at about 355®F. « 116 B.t.u. 

Total latent heat « 1,000 X 0.325 X 6.64 X 116 « 260,000 B.t.u. 

Assume pipestill outlet » 390®F. 
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Sensible heat of one-half gasoline 

- 1,000 X 0.326 X 6.64(390 - 325) — ^ - 82,000 

Sensible heat of one-half gasoline (vapor) 

* 1,000 X 0.325 X 6.25(390 - 325)0.523 * 68,900 
Sensible heat of butts == 1,000 X 0.35 X 6.91(390 - 325)0.625 = 98,300 

Total sensible heat = 249,200 

This is also a sufficiently accurate check. The outlet temperature is about 
390"F. 

Pressure-drop in Pipestills. —The application of flash-vapor¬ 
ization data to the problem of computing the vaporization that 
occurs within pipestill tubes is complicated by the constantly 
changing pressure throughout the entire length of pipestill 
tubing. However, vaporization usually does not occur until the 
final tubes of the still are reached, because as soon as vaporization 
starts, the friction loss and the pressure become so high that 
vaporization is suppressed. In fact a large part of the pressure- 
drop through a pipestill often occurs in the transfer line from the 
still to the fractionating tower. To shorten this line does little 
good because the vaporization is simply pushed back into the 
still. Likewise a larger transfer line decreases the pressure at the 
outlet of the still so that more vaporization occurs in the tubes. 

The pressure-drop can be estimated by considering the heating 
coil as being broken up into a series of coils, each of which heats 
the oil for a temperature range of about 10°F. and operates at a 
different pressure. By a trial-and-error solution, the length of 
(‘ach section of coil can be computed (working progressively from 
the pipestill outlet) by assuming the pressure and/or length, 
computing the vaporization from a flash yield curve at the 
assumed pressure^ and checking the pressure and/or length from 
the friction loss of the fluid. The method is sound if adequate 
physical data are available, but it is a tedious procedure. 
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CHAPTER XV 

COUNTERCURRENT OPERATIONS 


Many of the unit processes of chemical engineering involve the 
transfer of a component from one material to another. Examples 
of such operations are fractionation, absorption, stripping, extrac¬ 
tion, and drying. These operations are not always conducted as 
countercurrent ones, but this manner of operation is usually 
advantageous. 

The three general ways of conducting processes that depend 
upon equilibrium relations are as follows: 

1. Single-contact or Batch Operation. —In this method of oper¬ 
ation the two materials are mixed or brought in contact with each 
other in a single operation. After equilibrium Ls established, the 
two materials are separated from each other and withdrawn from 
the system. Batcli treatment of an oil with sulfuric acid is an 
example of a singhvcontact process. 

2. Countercurrent Multiple-contact Operation. —^This method of 
operation consists of a number of single-contact operations con¬ 
ducted in a countercurrent manner. The material being brought 
in contact is treated with contact agent that has been employed in 
previous contacting stages except in the final stage in which the 
fresh treating agent is used. As an example, in an absorption 
system a gas comes in contact with an absorption liquid in 
a series of treatments as it ascends the absorption tower; the lean¬ 
est gas is in contact with the lean (or pure) absorption liquid at 
the top of the tower, and the richest gas is in contact with the 
richest absorption liquid at the base of the tower (Fig. 88). 

3. Cocurrent Multiple-contact Operation. —^This method is 
similar to single-contact operation except that the material is 
repeatedly brought in contact, after separation, with fresh or pure 
contact agent. This operation is also used in the acid treatment 
of oils. 

Any of these methods can be used for the treatment of a solid 
with a fluid, but most commercial operations involve the use of 
two fluids because fluids can be easily handled. 
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FRACTIONATION 

The principles of fractionation have been developed mathe¬ 
matically by a study of two-component systems. Although 
these derivations are not directly applicable to the fractionation 
of petroleum oil mixtures, a complete understanding of fraction¬ 
ation cannot be gained without studying two-component systems. 
In the chemical industries these formulations have proved to be 
valuable and highly practical. 

Fractionation may be broadly defined as any method by which 
a liquid or vapor mixture may be separated into individual 
components by vaporization or condensation. The components 
may be pure compounds; or if the original material is a complex 
mixture, the components may be products that are still mixtures 
but whose distillation range is limited by the fractionation 
process. In a more detailed way the various means of separation 
have been given special names. Distillation is usually considered 
to refer to a complete operation in which heating, vaporization, 
fractionation, condensation, and cooling are practiced. Dephleg- 
mation is a particular kind of fractionation in which a vapor 
mixture is separated into components by partial condensation. 
In this operation the vapor is progressively cooled, and succes¬ 
sively lower and low^er boiling condensates are collected. The 
condensate is relatively rich in high-boiling components. At one 
time the term dephlegmator was used to designate any sort of 
fractionating tower, but today the meaning of the term Is usually 
restricted to the use herein given. In a more restricted usage the 
terhi fractionation is used in referring to a countercurrent oper¬ 
ation in which a vapor mixture is repeatedly brought in contact 
with liquids having nearly the same composition as the respective 
vapors. The liquids are at their boiling-points, and hence 
part of the vapor is condensed and part of the liquid is vaporized 
during each contact. By a series of contact treatments the vapor 
finally becomes rich in low-boiling components and the liquid 
becomes rich in high-boiling components. The terms rectifica^- 
iion and fractionation are used synonymously. 

Vapor-liquid fractionation may be practiced in a bubble-tower 
or in a packed column. Packed columns are not used extensively 
in the processing of petroleum, and they will not be discussed in 
detail. The main disadvantage of the packed column is the 
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channeling of the liquid that occurs as it flows down the tower. 
Excessive channeling may occur if the diameter of the tower is 
greater than 18 in. In a bubble column the liquid flows from 
plate to plate down the column and the vapor bubbles through 
the liquid on each plate. The plates above the feed point are 
called rectifying plates, and all of them together are classified 
as the rectifying section of the column. The plates below the feed 
are called the exhausting section. The plates below the feed do 
not function as exhausting plates unless heat is added to the oil 
at the base of the column. Hence most petroleum oil columns 
do not have exhausting sections. The plates below the feed in 
petroleum columns are usually stripping plates. An exception 
is the natural-gasoline stabilizer in which the stable gasoline in 
the base of the column is heated by steam. Occasionally an 
exhausting section is used in heavy oil systems (see Fig. 106, 
Chap. XIX, which shows a reboiler system in a pressure distillate 
rerun unit). 

Mechanism of Fractionation. —In computing the degree of 
fractionation that is accomplished in a particular equipment, the 
relation between the composition of the liquid and the vapor at 
equilibrium must be used. Either experimental equilibrium data 
must be available, or the engineer must compute such data from 
known laws. Although RaouhAs law is valid for only certain 
conditions, it is about the only general relationship by which 
equilibrium data can be computed. 

Example 47. Equilibrium Relation by Raoult’s Law.—[See Eqs. (30) 
and (31), page 229.] Compute the equilibrium relation of normal pentane 
and hexane. ’ 

_ -Pi 1 ^ _ V — Pi 

yi ”” Xif and Xi — jj ^ 

T r\ — Ti 

The equilibrium relation will be computed- for atmospheric pressure. 
The vapor-pressure data were obtained from Fig. 5 (page 29). Complete 
data at a number of temperatures are presented in Table 36. The following 
computation illustrates how the points in Table 36 were obtained. 
Equilibrium relation at 120®F.: 

Vapor-pressure of C#Hij at 120° ** 1160 mm. 

Vapor-pressure of C«Hu at 120° * 396 mm. 

». for ^ ^1^ -0.477 

yi for C 0 - 0.73 
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-Equilibrium Data for Pentane and Hexane 


Temper¬ 
ature, 
deg. F. 


Two common forms of equilibrium diagrams are shown in 
Figs. 83 and 84. As an example, the vapor from a liquid having a 




0 0.1 0.2 0.5 0.4 0.5 0.6 0.7 0.6 0.9 1 

Mol Fraction of Pentane 

Fio. 83.—Phase diagram for pentane-hexane at atmospheric pressure. 

composition of 0.3 mol fraction of pentane contains 0.546 mol 
fraction of pentane. However, only a very small quantity of 
this composition of vapor can be produced, because the liquid 
becomes less rich in pentane as vapor is formed. * If the heating is 
continued, the litiuid become.s less and less rich in pentane and 
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finally, after all the liquid is completely vaporized, the composi¬ 
tion of the total vapor is the same as that of the original liquid, 
or 0.3 mol fraction. 

As an illustration, the hypothetical case of the fractionation of 
an infinitely large quantity of liquid by a series of redistillations 
will be useful. Consider the series of stills shown in Fig. 85a, 
and compare the compositions with the dotted lines on Fig. 83. 
An infinite amount of liquid containing 0.3 mol fraction of 
pentane is heated a fraction of a degree, and a small amount of a 



Fia. 84.- -Equilibrium relation between pentane-hexane at atmospheric pressure. 
(See also Fig. 83.) 


vapor containing 0.546 mol fraction of pentane is evolved. This 
vapor is condensed by cooling it with a liquid that has the same 
composition as the vapor; and as the liquid is heated, it evolves 
a vapor having a composition of y = 0.782. By repeating this 
operation several times, a vapor that is almost pure pentane is 
produced at still D, The heating coils in the stills are really 
unnecessary because the vapor within the coils is of the same 
composition as the liquid on the outside of the coils and hence the 
liquid and vapor can be mixed. The same change in composition 
will result, and tlie exchange of heat will be much more effective. 
The bubble-tower shovm in Fig. 856 is essentially the same as the 
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series of stills except that the liquid from each plate is allowed 
to flow continuously to the still or the plate beneath. The com¬ 
positions indicated in Fig. 85 are not practical ones because only a 
small quantity of purified vapor can be produced but exactly 
the same principle is utilized in actual fractionating towers. In 
actual towers a finite amount of vapor or product must be 



Fi«. 85.—Fundamentals of fractionation. (See also Figs. 83 and 84.) 

produced, and hence the vapor is not so rich in pentane as indi¬ 
cated in Figs. 83 and 85. Thus more plates are required in actual 
towers because of the less rich vapor that is produced at each plate 
and because several bubble plates may be retpiired to produce an 
equilibrium. The top plate must be continuously fed with a 
cooling liquid (reflux), or it would soon become dry. The vapor 
from the top plate is the final product; and hence the reflux must 
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be rich in pentane, or the vapor will be contaminated. Accord- 
ingly, the overhead product (0.975) is used as the reflux medium. 
The reflux flows down the column, but it changes coriposition 
from plate to plate so that all of the material that is originally 
put into the top of the column as reflux is vaporized and returns 
to the product storage tank. 

Theory of Fractionating Columns. —The derivation of mathe¬ 
matical formulae describing fractionation involves several 
assumptions. In dealing with two-component systems these 
assumptions are reasonably accurate, but in dealing with com¬ 
plex materials they will introduce serious errors. The most, 
important of these assumptions are as follows: (1) The molal 
latent heats of all materials are equal; (2) no reflux for cooling the 
overhead product from the feed-plate temperature is provided. 

The molal latent heats of two compounds such as pentane and 
hexane are about the same. These two compounds are from the 
same chemical series and are adjacent members of the series. 
The molal latent heats of butane and heptane are not even 
approximately the same (see Table 37), and hence, for hydro¬ 
carbons that have widely differing boiling-points or that belong 
to different series, the assumption that the molal latent heat is a 
constant is inaccurate. 


Table 37.—Molal Tmtent Heat 


Compound 

B.t.u. per 
lb.-mol 

Compound 

B.t.u. per 
Ib.-mol 

Ethane. 

6,300 

8,000 

9,500 

9,150 

11,100 

11,400 

12,300 

Cyclohexane. 

12,900 

13,800 

14,000 

14.500 

15.500 
21,600 

Propane. 

Heptane. 

Butane. 

Cycloheptane. 

i-Butane. 

Ot^tane. 

Pentane. 

Nonane. 

2 -Methyl butane. 

Pentadecane. 

Hexane. . 



The assumption of equal molal latent heats greatly simplifies 
the calculations. If 1 mol of vapor (any composition) is con¬ 
densed, the heat that is removed is just sufficient to vaporize a 
mol of liquid (at its boiling-point). Thus the number of mols of 
vapor that travel up the column is the same at any plate provided 
the feed is introduced as a liquid at its boiling-point. Likewise, 
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the reflux or overflow from plate to plate is a constant amount in 
each section of the tower (see Envelope II, Fig. 86) because the 
reflux is equal to the mols of vapor minus the mols of product for 
the rectifying section and to mols of vapor plus mols of waste for 
the exhausting section. 

Material Balances. —A number of envelopes inclosing parts 
of a fractionating tower are shown in Fig. 86. According to the 
first law of thermodynamics, the weight or mols of material 
going into any one of these systems is exactly equal to the weight 
or mols leaving that system. The following symbols are used: 

F = mols of liquid feed at its boiling-point. 

P = mols of liquid product at its boiling-point. ^ 

B « mols of liquid residue-product. 

R « mols of reflux, at its boiling-point, at any plate above the feed 
plate. 

V = mols of vapor at any plate above the feed plate. 

X — mol fraction of lower boiling component in liquid. 
y = mol fraction of lower boiling component in vapor. 

Subscripts: 

p = product from top. 
b s= residue-product. 

/ = feed. 

n = any plate in rectifying section. 

rj + 1 = plate above the nth plate. 

n — 1 = plate below the nth plate. 
t =* top plate. 

/ — 1 = plate below the top plate. 

m « any plate in the exhausting section, 
s = still. 

Envelope I encloses the entire tower system and shows the 
relation between the feed and the products. 

F = B 

And for the low-boiling component: 

Fxf = Bxh + Pxp 

Envelopes II and II' show the relation among the vapor, 
reflux, and mols of overhead product: 

F = P -f S, and Vyt * Pxp + Rxp 
’Similar equations for the plates below the feed are 

F' ~ P' — P, and F'y, = — Bxh 


( 38 ) 
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The change in composition from plate to plate is shown by 
Envelope III: 


Vyn + RXn = Vyi^l + RXn^i 
RiXik^l ““ Xf^ — V(yn J/n—l) 

R ^ yn - 3/n-.l 

V Xn-^-l Xn 

also 

R 

2/n—1 ~ ^n+l) *4“ yn 


(39) 



Minimum Vaporization and RefLuz.—The minimum amount 
of vaporization that is necessary in order to separate a product 
having a composition Xp is an important quantity. With 
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minimum vaporization or reflux, an infinite number of plates are 
required for the separation. Although this amount of vaporiza¬ 
tion cannot be used commercially, it is the limiting condition 
.upon which practical vaporizations are based. The other 
“extreme condition is the use of an infinite amount of vaporization. 
For infinite vaporization a minimum number of plates is required 
to effect a separation. The minimum vaporization may be 
computed as follows (Envelope IV): 

Vy/ == Rxf+i + Pxp 


But at minimum vaporization an infinite number of plates 
are use^d and the change in composition from plate to plate is 
very small. Hence Xf+i is equal to Xf. 

Vjoinyr = Rt^Xf + Pxp 

But 


rCinin 

V miM>.y/ ~ 

V min ~ 


Fmin - P 

(Vmm — P)Xf + PXp 
P(Xp - Xf) 

Vf - Xf 


(40) 


or 


Ru 


P(xp - Vf) 
Vf “ Xf 


(41) 


In practice, more reflux than the minimum is used. The 
relative values of Xf and yf can be found by the (Mjiiilihrium 
relation for the compounds that are being separatc‘d. The use 
of a basis of 1 Ib.-mol of product P simplifies the computations. 

Example 48. Number of Perfect Plates by Mathematical Method.— 

A mixture of pentane and hexane containing 0.6 mol fraction of pentane 
is to be fractionated at atmospheric pressure to produce a product containing 
0.95 mol fraction of pentane. The feed is at its boiling-point. Use twice 
the minimum reflex. 

* How many theoretically perfect plates are required to get the separation? 
basis: 1 mol of product [see Eq. (41)]. 


RvaXa 


yf = 0.82 (Fig. 84) 
Xp — yf _ 0.95 — 0.82 

yf - Xf ~ 0.82 - 0.60 


- 0.59 


R 

V 
R 

V 


2 X 0.59 = 1.18 mols 

1.18 + 1 * 2.18 mols (see Eq. (38)] 
1.18 

2.18 


0.541 


Actual reflux: 
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Considering the top plate [see Eq. (39)1: 

R ^ yt - yt-i 
V Xp — xi 

For this plate, 


yt * xp. 

Also Xt in equilibrium with yt (0.95) is 0.86 (Fig. 84). 


0.541 


0.95 - yt^i 
‘ 0.95 - 0.86 


yt-i - 0.901 


For the t — 1 plate, 


R 

V 


0.541 


yt-\ 


Xt — Xt~\ 
O.Wl -yt^2 
0.86 - 0.745 


yt~i = 0.901 

- 0.745 (Fig. 84) 
yt-.2 = 0.839 


'rhis liquid flowing from this plate has a composition of 0.625. Obviously 
only a part of another perfect plate is required to complete the rectifying 
section, because the feed composition is 0.6. 

Graphical Method. —The graphical method of solving fra(*- 
tionation problems is usually shorter than the mathematical 
method used in Example 48. If infinite reflux is used, the 
composition of the vapor leaving the plate and the liquid arriving 
at the plate is the same. That is, i/n = arn+i; yn+i = Xn+ 2 , etc. 
At each plate tlie composition of the vapor and that of the liquid 
are related to each other by the equilibrium relation shown in 
Fig. 84. The equilibrium relation is plotted in Fig. 87 and also 
a 45-deg. line who.se ecpiation is x = i/- The 45-deg. line is the 
operating line for the condition of infinite reflux! The operating 
line relates the composition of the vappr leaving the plate and 
the composition of the liquid entering the plate. For conditions 
other than infinite reflux, the liquid composition x does not 
equal y and the operating line is less steep than a 45-deg. line. 
The equation of the operating line may be formulated as follows: 
At the top plate when producing 1 mol of product, 

R ^ y<-i - yt 

V Xt — Xp 

But Vi ^ Xp 

R ^ ~ Xp 

V Xt — 
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But 


yi^i “ ajp - y (»« - *„) 

yt—I (^t 3?p) -|- y. Xp 


Vt-I = 


J2(ar, 


7 = J? 4-P 

gp) + (P + P)a:p 


y + y a:p 


(42) 


This is an equation of a straight line having a slope o! B/V 
and having an intercept on the j/-axis of (P/7)gp. Since the 



Fig. 87.—McCabe-Thielo diagram for pentano-hoxane. 


operating line extends from {Xp, yp) to the intercept, the line can 
also be drawn without using the slope. 

Example 49. Number of Plates by Graphical Method.—Example 48 
will be repeated using the graphical method. 

The y intercept of the operating line is 


^ g. = —g X 9 = 0.435 [see Eq. (42)] 
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The operating line is drawn through the intercept y *■ 0.435, « * 0, and 
through the point Xp^ yt (0.95) (Fig. 87). The number of plates can then 
be ascertained by drawing horizontal and vertical lines as shown in Fig. 87. 
Each point on the equilibrium curve indicates one theoretical plate. Thus 
about 3H perfect plates are required (see Example 48^. 

The dotted lines indicate the number of plates required at infinite reflux. 
The operating line for infinite reflux is the 45-deg. line. Only a little more 
than two plates are required if infinite reflux is used. 

Exhausting Section. —The number of plates required in the 
exhausting section in order to separate a particular bottoms 
product can be formulated in exactly the same manner as for the 
rectifying section. However, the computation by graphical 
methods can be simplified by noting that the exhausting operating 
line passes through the point A (Fig. 87) and through point B .. 
Hence the easiest way to handle the exhausting section is to 
determine and draw the rectifying operating line and then 
draw the exhausting line. The exhausting line AB shown in 
Fig. 87 is for the separation of a bottoms product having the 
composition Xh = 0.05. 

Example 60. Graphical Method for Number of Plates If Feed Is at 
Center of Column.- Examples 48 and 49 will be continued for a column 
that is to pmduce a bottom product Xb = 0.05 as well as a top product. 
Xp 0.95. 

The exhausting operating line is drawn as indicated above. The step¬ 
wise procedure is continued past the feed composition until the liquid has 
a composition of 0.05 or les.s (see Fig. 87). About nine perfect plates are 
required. 

If the plate efficiency is 60 per cent, 


Actual plates ^ “ 14.7 

The Quantity of Reflux. —As mentioned previously, frac¬ 
tionating towers must operate between two impractical extremes. 
In one of these the reflux is the minimum that can be used and 
an infinite number of plates is required, and in the other an 
infinite amount of reflux is used and a minimum number of 
plates is required. In practice the engineer must decide whether 
it pays to purchase a large number of plates or to operate at a 
higher daily operating cost. The cost of reflux consists mainly of 
three items: (1) heat to generate the vapor, (2) water with which 
to condense the reflux, and (3) cost for extra tower diameter. 
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ABSORPTION 


The process of absorbing part of a gas into a substantially 
nonvolatile liquid is in many respects similar to fractionation. 

' Like fractionation, it depends upon the obtainment of equilibrium 
between a liquid and a gas. Hence it can also be practiced in a 
countercurrent manner in bubble-towers or packed columns. 
It differs from fractionation because the liquid and gas do not 
exchange places and only the component in which we are inter¬ 
ested is transferred from one medium to the other. 

In the petroluem industry, absorption processes are usually 
conducted in a bubble column, and hence the discussion that 
(follows will be limited to this type of 
equipment. Envelope I (Fig. 88) gives the 
follomng material-balance equation: 


G(y[ ~ yi) = L(xi ~ x[) 
G 


2/i 


- x\ 



Fio. 


88.—Absorption 
tower. 


where L= mols of pure absorbent liquid. 

G = mols of pure inert gas. 
x[ and x[ = mols of component per mol of L, 
and 7/2 = mols of component per mol of G, 

Note that and y' are defined differently 
in the study of fractionation. Here, x' 
refers to the mols of component per mol of 
absorbent liquid, whereas in fractionation 
X referred to mol fraction or the mols of 
component per total mols of liquid and component. A pound 
basis as well as a mol basis can be used. 

The ratio L/G corresponds to the ratio R/V that was used in 
fractionation. The ratio is a constant at all points in an absorb¬ 
ing column and is the slope of the operating line. The operating 
line has terminals at (xj, yO and {x[^ 2 / 2 ) and is shown in Fig. 89 
as line AB, The transfer of the component from the gas to the 
liquid is a diffusion phenomenon, and hence the rate of transfer 
depends upon the difference in concentration of the component 
in the gas and in the liquid. The transfer of material occurs only 
'when a difference in concentration exists, and hence transfer stops 
when equilibrium is attained. The minimum amount of absorp- 
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tion liquid that can be used can be determined by noting that 
the outgoing gas is in equilibrium with the incoming absorbent. 
The operating line for this condition would intersect the equi¬ 
librium line at 2/J. Such conditions would require an infinite 
number of plates but a minimum amount of oil. In Fig. 89 
and in commercial practice, more than the minimum amount of 
oil is utilized. The number of perfect plates is determined by the 
stepwise process as indicated in Fig. 89. 



Fig. 89.—Absorption diagram. 

The computation of equilibrium data and the solution of an 
absorption problem are given in Example 51. 

Example 51. Absorption of Pentane in Gas Oil.—Air from a solvent 
plant contains 2 per cent n-pentane. The pentane concentration is to be 
reduced to 0.1 per cent by contacting the gas, at 80°F. and 147 lb. per 
sq. in. ubs., with 6,950 lb. per hr. of an absorption oil that contains 0.05 
per cent pentane by weight; 100,000 cu. ft. of the gas, measured at 60°F., 
is handled per hour. The molecular weight of the oil is 220. Raoult^s 
law and Dalton’s law are assumed to be valid at these conditions. 

Basis: 1 hr. 

Construction of operating line: 
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Gaa entering: 


Mols air 
Mols pentane 


100,000 X 0.98 
379 

100,000 X 0.02 
379 


/ 

Vi 


_ 5.28 
^9 


= 0.0204 


259 

5.28 


Gas leaving: 


Mols pentane = 259 ^ ^ = 0.26 
0.26 


?/2 = 


259 


= 0.001 


Liquid entering: 

Mols oil 

Mols pentane 
/ 

ar, 

Liquid leaving: 


6,950 X 0.9995 
220 

6, 950 X 0.0005 
5:^=0.00158 


= 31.6 


= 0.05 


Mols pentane ~ 

f 


(5.28 - 0.26) -f .05 


5^7 

31.6 


0.161 


5.07 


These points are plotted as line AB in Fig. 89. 

Constnietion of equilibrium line [see Eq. (30), page 229]. 

P 

y = - X y = mol fraction in vapor 
X = mol fraction in liquid 


But y' and x' are mols per mol of carrying agent, 


y' 


^— and 

1 - y 


x' 


X 


1 - X 


The vapor-pressure of pentane at 80°F. is 532 mm. The relation between 
x' and y' can be computed as follows: 


where x 

y 

y' 


0.01 

532 

7,600 


0.01 


0.01 

1 - 0.01 

0.0007 


1 - 0.0007 


« 0.0007 
0.0101 
« 0.0007 
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X 

y 

a:' 

y* 

0 

0 

0 

0 

0.01 

0.0007 

0.0101 

0.0007 

0.02 

0.0014 

0.0204 

0.0014 

0.03 

0.0021 

0.031 

0.0021 

0.04 

0.0028 

0.0416 

0.0028 

0.06 

0.0036 

0.0626 

0.00361 

0.07 

0.0049 

0.0762 

0.00492 

0.09 

0.0063 

0.099 

0.00636 

0.10 

0.0070 

0.111 

0.00706 

0.16 

0.0105 

0.177 

0.0106 

0.20 

0.0140 

0.26 

0.0142 


TJio ininibcr of plates can be computed by the stepwise method. About 
3.9 perfect plates are retjuired. 


STRIPPING 

The process of stripping a component from a liquid by means 
of a gas may be considered as the reverse of absorption. In 
absorption the concentration in the gas is high enough to drive 
the component into the liquid, whereas in stripping the con¬ 
centration in the liquid is high and the component is transferred 
from the liquid to the gas. The equilibrium line lies above the 
operating line (Fig. 90). 

Example 62. Stripping Hexane from Absorption Oil with Steam. - 

A rich abHorption oil of the same composition as that produced in Example 
hi but containing hexane is to be heated to 267°F. and contacted with 
180 lb. per hr. of steam. The tower operates at substantially 267°F. 
The pressure in the stripper is 1 lb. per sq. in. gage (812mm.). .The vapor- 
pressure of hexane at 267°F. is 3,800 mm. 

Basis: 1 hr. 

Construction of operating line: 

x[ = 0.001t58 (liquid leaving stripper) 
x[ = 0.161 (liquid entering stripper) 

Vi — 0 (pure steam) 

5 07 

y[ « ** 0.507 (gas leaving stripper) 

Is 

These points are used to draw the line AB (Fig. 90). 

Construction of equilibrium line: The equilibrium relation will be com¬ 
puted in a different way from that in Example 51 to illustrate another 
conception. 







COUNTERCURRENT OPERATIONS 


275 


Bartial^pressure * p » 

* ■ 

Partial-pressure hexane 
Partial-pressure steam 


Px 

x^ 

" 1 

= 3,800 5^ 

= p, = 812 - 3,800 


x' 

1 


y' * 
y' = 


P* 


3,800 


1 i-x' 


812 - 3,800 


1 +x' 


0.214 - 0.786x' 


This equation is plotted as line CD (Fig. 90). About 7}i perfect plati's 
are required. 



EXTRACTION 

The process of extraction is used in petroleum refining in the 
hew solvent treating processes for lubricating oils. The low- 
viscosity-index hydrocarbons, and to some extent the colored 
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materials, are removed from the oil by extraction with a solvent. 
Thus the operation is the extraction of a component from a 
liquid by means of the solvent action of another liquid. 

Countercurrent processes involve two operations viz., the 
obtainment of equilibrium and a separation of the contacted 
materials. The separation of the contacted materials in the 
operations of absorption and fractionation is relatively easy 
because one material is a vapor and the other a liquid; but in 
extraction both materials are li(iuids, and the separation of these 
two liquids by settling is the major design difficulty. 

The Distribution Law.—This law states that there Is a constant 
ratio between the concentrations of a component that is dis¬ 
tributed between two mutually insoluble liquid-phases. The ; 
distribution law is really a statement of Henryks law for two 
li(|uid-phases. 

g = (43) 

where C\ = (concentration of solute in first liquid-phase, per cent 
by weight . 

C 2 = concentration of solute in second liquid-phase, per 
cent by weight. 

A' = a constant that depends only on temperature. 

If the solute is a mixtures, the law holds for each material in the 
mixture. Modifications of Eq. (43) to care for dissociation or 
association will be found in textbooks on physical chemistry. 

Equipment Design.—A countercurrent system for a liquid- 
liquid system is shown in Fig. 91. Although the diagram looks 
different from the tower systems shown for fractionation and 
absorption, it involves the same sequence of operations as those 
used in the liquid-gas systems. The operation can also be 
practiced in a packed tower or a tow^er with distributing plates . 
at intervals of 3 or 4 ft. The tower extraction system has the 
advantage of utilizing gravity to transfer the materials from one 
stage to the next. It is also claimed that a packed tower of 
practical height is equivalent to six or seven stages of mixers 
and settlers. 

If W represents the pounds of stock to be treated, S the pounds 
of pure solvent, x the pounds of component to be extracted per 
pound of stock, and y the pounds of component per pound of 
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solvent (Fig. 91), 


W(xi - X2) *= S(yi - 2/2) 


and 


W ^ yi - y 2 

S Xi — X2 


(44) 


The subscript 1 refers to the incoming liquids, and 2 to the out¬ 
going liquids. 

on 



With conditions for which Eq. (43) is valid, the equilibrium 
relation in terms of x and y may be formulated as follows: 


Cl 



X 


1 

y 


and 

K = 


C2 


X 

i + X 


X 

^ ~ k+Tk~^x 


y 

1 + 2 / 


(45) 


These equations [Eqs. (44) and (45)] may bo plotted exactly 
as in Fig. 90 for stripping operations, and the number of equi¬ 
librium contacts required for the given change in composition 
of the stock can be computed by the stepwise method. How¬ 
ever, the minimum amount of solvent that can be used will be 
■ governed by the maximum solubility of the solute in the solvent, 
as well as the material balance of the system which states that 
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the concentraition in the stock must always be greater than in the 
solvent. 

Stokes's law (page 385) for the rate of settling of particles 
through fluids^ is valid for the design of settlers, etc.; but 
inasmuch as the particle size cannot be estimated without 
empirical tests, the theoretical relationship is of little value. 
However, it is interesting to note that horizontal settlers are more 
effective than vertical settlers because the velocity is lower. 

Extraction of Oils. —In most practical extraction systems the 
several components are mutually soluble and hence recourse 
must be had to triangular coordinate diagrams such as Fig. 92 
to show the relation between phases. Such a diagram has 
three percentage scales, each of which reads from 0 per cent on 
one side of the diagram to 100 per cent at the apex which is 
directly opposite. Thus, any point on the diagram represents 
the percentages of each of the three components of the system. 

The phase relationship that is most common for petroleum oil 
systems is also indicated in Fig. 92. When furfural (or other 
common solvent) is added to a heavy lubricating-oil stock, two 
liquid phases (or layers) are produced, one of which (extract) 
contains a relatively large amount of furfural with some asphaltic 
material dissolved in it, and the other is lean in furfural (raffinate) 
but rich in high Viscosity-index oil. On Fig. 92, mixtures of oil 
and furfural whose compositions fall within the two-phase region 
bounded by abc will separate into two layers whOvS(^ compositions 
are shown by the ends of the tie lines labeled 1, 2, 3, and 4; but 
for all other mixtures the three components are mutually soluble, 
and no separation occurs. The four tie lines represent experi¬ 
mental data, but additional tie lines can be estimated as necessary. 

In all complex mixtures, such as petroleum, it is difficult to 
define what is meant by pure raffinate {R) and pure extract (E), 
and hence the RE scale is not read directly in percentages of R and 
E but by some significant property such as specific gravity or 
Viscosity Index. Experimental data are necessary in order to 
draw the diagrams. 

The diagrams are useful in studying single-contact or concurrent 
multiple-contact operations but are not well suited to the study 
of countercurrent multiple-contact extractions. Countercurrent 

^Baikisr and McCabe, ** Elements of Chemical Engineering,” 2d ed. 
p. 673, McGraw-Hill Book Company, Inc., New York, 1936. 
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extractions can, however, be computed by graphical triaJ-and- 
error methods.* 



a93l 0.9545 1.047 

Raffinate Feed Extract 


Fig. 92.—Throe-component phase diagram at 200°F. for a mixed base oil and 
furfural, {Courtesy of Am. Petroleum Inst.) 


Example 63. Solvent Extraction Diagram. — A. Addition or removal of 
solvent involves travel along a line connecting the pure solvent point S and 
a solvent-free oil situated on the base line. Thus, by adding 49 parts of 
solvent to 51 parts of feed-stock, two layers will separate (see Fig. 92) 
* which contain solvent-free oils having specific gravities of 1.047 (extract) 
and 0.931 (rafRnate). 

B. Quantities may be computed by material balances involving either the 
percentage compositions or the properties of the solvent-free oils contained 
in the mixtures or may be estimated graphically by the distances along a 
line connecting the three materials under consideration. Thus, the amounts 
of the two solutions produced in the separation mentioned above w'ould be 
about equal because jjoint e nearly bisects line def. Point e falls somewhat 

* Sherwood, T. K., “Absorption and Extraction,” McGraw-Hill Book 
Company, Inc., New York, 1937, 
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closer to point /, and hence the rafl^ate solution designated by point d is 
smaller than solution /, amounting by careful measurements or computa¬ 
tions to 48 per cent of the total. Likewise, the amounts of solvent-free raffi¬ 
nate and extract can be estimated by distances along the base line. By 
inspection it appears that the raffinate will amount to about 80 per cent of 
the feed, or more exactly 

100 X 0.9545 = 0.931/2 + 1.047(100 - R) 

Q OK 

R = = 79.7 per cent 

Science of Petroleum/’ Vol. Ill,® presents fundamental 
theory and summarizes experimental data for a number of 
systems such as those which utilize chlorex, sulfur dioxide, 
nitrobenzene, cresol, phenol, furfural, benzol-sulfur-dioxide 
blends, and propane. Triangular coordinate diagrams are also 
useful in studying solvent dewaxing.® 
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CHAPTER XVI 


CORROSION 

All refineries suffer tremendous losses by corrosion. Those 
refiners who can escape sulfide and acid corrosion by processing 
selected oils still have the problems of soil corrosion, atmospheric 
oxidation, and high-temperature oxidat ion with which to contend. 
The loss by corrosion in 1928 amounted to about $135,000,000 
for the entire petroleum industry and to $50,000,000 in the 
refinery branch alone. This is equivalent to a levy of about 
1 ct. per gallon on each gallon of gasoline that is consumed. 
In addition to chemical analyses, laboratory methods of deter¬ 
mining the corrosiveness of refinery stocks are being developed 
(refer to Chap. VII, page 97). 

Sulfide Corrosion. —Hydrogen sulfide is often found in natural 
gas or dissolved in crude oil, and in addition it may be formed 
by the decomposition of organic sulfur (compounds at. high 
t(‘inperatures. It rapidly attacks steel parts that an^ exposed 
to the gas. Equipment that suffers by this corrosion comi)ris(is 
storage tanks and gas lines, and at temperatures exceeding 
400°F., pipestill tubes, ova|)()rators, and fractionators. The pres¬ 
ence of moisture facilitates the action of hydrogen sulfide, and the 
concentration of oxygtm in the gaseous mixture is of great 
importance. Devine and oth(‘rs^ conclude^ that 

t. The presence of oxygen is neceissary to cause serious corrosion at nornial 
temperatures. 

2. The ratio of oxygen to hydrogen sulfide largely governs the extemt of 
^ corrosion A ratio of 114 parts of oxygen per part of hydrogen sulfide* 

causes maximum corrosion. This is equivalent to a sulfide concen¬ 
tration by volume of about 0.87 per cent. 

3. Although a dilute sulfide gas is in general more corrosive than a concem- 
trated gas, a minimum concentration of about 0.025 per cent is necessary 
to cause noticeable corrosion. 

4. C/Orrosion proceeds proportionally with time. This indicates that sulfide 
scale is of a nonprotective character. 

• Oxygen Effect on Hydrogen Sulfide Gas Corrosion, Oil Oas J., Apr. 7, 
1032, p. 16. 
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In distillation equipment, sulfide corrosion becomes noticeable 
at 400® and rapid at 700®F. Thus sulfide corrosion is found 
to be most active in the hotter parts of distillation equipment 
such as in the furnace tubes, shellstills, vaporizers, fractionating 
towers, and hot vapor lines, although certain high-sulfur crude 
oils have caused corrosion throughout the entire distillation 
equipment. 

The corrosiveness of sulfur-bearing oils is not directly propor¬ 
tional to the sulfur content. Certain organic sulfur compounds 
decompose at high temperatures evolving hydrogen sulfide, but 
others do not. Crude oils that contain 2 per cent sulfur and 
that cause little trouble by sulfide corrosion have been reported, 
but others containing less than 0.7 per cent have destroyed 
distillation ecpiipment in less than six months. As a further 
example, the sulfur content of gasoline marketed in the United 
States has l)een limited to less than 0.1 per cent, but in Germany 
fuels have been sold that contained as much as 1.5 per cent 
sulfur and no serious engine corrosion was reported. 

Chromium stend is the standard material for withstanding 
sulfide corrosion. Resistance becomes noticeable at about 1 per 
cent chromium, but in most instances the use of more than 5 per 
cent is not justifii'd. The approximate rate of penetration of 
various steels by sulfide corrosion is indicat(‘d in Table 38.^ 

Table 38.—Resistance to Sulfub Courosion 

Relative Depth 
of Penetration, 
Carbon Steel 
Rated as 100 


Steel Per Cent 

Plain carbon. 100 

Carbon molybdemim (0.5 Mo). 61 

Manganese molybdenum (1.3 Mn-0.3 Mo). 48 

1 per cent chromium. 58 

1.25 per cent chromium* (0.5 Mo-0.75 Si). 62 

2 per cent chromium. 47 

4 per cent chromium. 36 

5 per cent chromium. 33 

6 per cent chromium. 29 

9 per cent chroitiiiun... 23 

13 per cent chromium. 18 

♦ Trade>name steel known as DM. 


* Nblson, W. L., Evaluating Alloy Steels for Cracking Still Service, Oil 
Oat June 24, 1937, p. 79. 
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The high-chromium (13 per cent up) steels tend to lose ductility, 
particularly if used at high temperatures, and hence nickel is 
frequently employed with the chromium to assist in avoiding loss 
of ductility. 

Neutralizing chemicals, particularly lime, are widely used to 
combat sulfide corrosion. The effect of ammonia is not entirely 
known,* but caustic soda causes troublesome scaling or clogging 
of tubes and evaporator surfaces. 

Acid Corrosion. —Hydrochloric acid is not present in cnide 
oil, but it maj^ be produced during distillation. It is probably 
produced by the hydrolysis of chloride salts, particularly mag¬ 
nesium chloride, that are present in the brine found in crude 
oils. Sulfuric acid is probably produced by the oxidation of 
liydrogen sulfide in the presence of moisture, but only small 
amounts of sulfuric acid have been detected. These acids consti¬ 
tute the “acid’^ corrosion that occurs in vapor lines, condensers, 
coolers, and run-down lines and particularly at points in which 
water accumulates, such as in valves in horizontal lines. 

The corrosive action of dilute hydrochloric acid at the tempera¬ 
tures encountered in distillation equipment cannot be satis¬ 
factorily withstood by any common materials. However, the 
copper-base alloys have been widelj^ used for hydrochloric acid 
and brine corrosion. Although conditions are not the same in all 
plants, the use of copper-base alloy tubes for condensers and 
water-cooled exchangers appears to be increasing. One refiner^ 
has been using the following kinds of tubes: 



Percentage of tubes 

in service ^ 

Approx. 

relative 


1930 

1933 

1936 

costs 

Steel. 

18.0 

16.3 

12.0 

1 

Stainless steel (18~8). 

Admiralty metal or other copper-base 

60.3 

14.9 

5.6 

4.8 

alloys. 

21.7 

68.8 

82.4 

1.2 


Ammonia is unsuitable as a neutralizer if copper-base alloys are 
used, because it may destroy the metal faster than acid corrosion. 

* Puckett, R. E., Preventing Corrosion, Oil Gas J., Sept. 23, 1937, p. 44. 

* WiLTEN, H. M., Mining Met., March, 1937, p. 143. 
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The other neutralizers appear to produce protective films so that 
corrosion halts after an initial action. If scale-forming water 
is used, admiralty-metal tubes must be cleaned frequently, 
because corrosion occurs mainly beneath breaks or porous spots 
in the scale. The zinc in the brass is dissolved and is replaced 
by spongy copper,^ 



Fi«. 9.S. -Oxidation of alloy steels at high temperatures. {Courtesy of Republic 

Steel Company.) 


Oxidation. —Iron and steel oxidize or rust in the presence of 
air or moisture. At high temperatures such as those encountered 
in boilers and furnaces, oxidation or sealing occurs very rapidly, 
'^riiis type of corrosion is so common that it does not always 
receive the attention that it deserves. The chroraium and 
chrome-nickel steels are excellent resistors to high-temperature 
oxidation, and at the same time they retain their strength and ♦ 
toughness at elevated temperatures. For these reasons they 
are admirably suited for boiler and furnace parts that are exposed 
to high temperatures and to furnace gases. Figure 93 shows the 
relative scaling resistance of the common chromium steels.® 

‘ Pew, a. E., Minimizing Corrosion in Condensers, Oil Gas Apr. 16, 
1931, p. 112, 

•Anon., Alloy Steels . . . Refining Equipment, Ref. NcU. Gaso. Mfr.j 
April, 1933, p. 140. 
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These data were obtained by 12 intermittent heating and cooling 
cycles. 



Steel 

Carbon i 

Chromium 

Nickel 

Silicon 

Plain. 

1020 

4-6 

0.20 

0.20 max. 

4.0- 6.0 


0.50 max. 


FC 

0.12 max. 

12.6-15.0 


0.50 max. 


S 

0.12 max. 

12.6-15.0 


0.50 max. 

Enduro. 

18-8 

0.16 max. 

16.6-20.0 

7.6^i6.5 

0.75 max. 

Enduro*-'. 

18-8-Mo 

0.16 max. 

18.0-22.0 

7.0-10.5 

0.75 max. 

Kndiiro .-. 

A A 

0.10 max. 

16.0-18.0 


0.50 max. 

Efiduro . 

20-23 

0.20 max. 

18.0-23.0 


0.50 max. 

Enduro. 

18-8-B 

0.18 max. 

1 16.6-19.5 

8.0-10.6 

2.0-2.5 

Enduro. 

HCN 

0.20 max. 

22.0-25.0 

10.0-13.0 

0.75 max. 

Enduro.. 

HC 

0.20 max. 

25.0-30.0 


0.50 max. 

Enduro. 

NC-3 

0.20 max. 

23.0-27.0 

17.0-21.0 

2.00 max. 

L.. 


* 2.0-4.0 Molybdenum. 


Alloy steels containing a high percentage of special element are 
(‘xpensive, and there has beem a tendency to use the low-pei- 
c('ntage steels, such as 4-6 chromium (or with 0.5 molybdenum), 
for parts of equipment that are not exposed to the most severe 
conditions. Pipestill tubes can be constmetod of 4-6 chromium 
st(*el, but supports that are not cooled must be constructed of 
high-percentage alloy steels. 

Sulfuric Acid and Acid Sludge.—The universal materials for 
handling sulfuric acid are steel and lead. Ordinary mild steel 
withstands concentrated acid, but lead must be used for dilute 
acid. Lead is such a ductile material that it presents many 
structural difficulties. For this reason, lead-lined rather than 
solid lead equipments, such as pipelines, agitators, and pumps, 
are gaining in favor. Recently some success has been attained 
in spraying steel with lead. A number of other materials includ¬ 
ing tin, zinc, aluminum, copper, brass, nickel silver, monel metal, 
and stainless steel are also being used. The coating’' is applied 
by roughening the surface by a sand blast and spraying the 
surfacing metal from an oxyacetylcne gun. Several coats must 
be applied. 

Certain alloy cast irons such as Duriron (14.5 silicon) and the 
high-silica irons are useful for lines, valves, pumps, etc., for 
handling sulfuric acid and acid sludge. In fact, ordinary 
cast iron is used for many corrosive conditions because of its 
cheapness. 

' Ricu, H. B., Metal Spraying ...» Ref. Nat. Gaso. Mfr,, April, 1933, 
p. 148. 
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Neutralizing Chemicals. —Few materials are satisfactory 
resistors to ‘‘acid” corrosion, and hence neutralizing chemicals 
such as ammonia, sodium hydroxide, sodium carbonate, and 
lime are widely used. In general, these chemicals are introduced 
into the vapor lines of distillation units. Ammonia is introduced 
as a gas, and the other materials as dilute solutions, although 
lime IS preferably added as a slurry. Lime is often used in 
cracking plants by injecting it with the charge to the pipestill, 
and it servos partly to reduce sulfide corrosion as well as acid 
corrosion. 

The solutions are usually injected into the system by direct- 
acting pumps. A fine dispersion of the chemical in the oil is 
essential, and hence the solutions are often mixed with a part of 
the oil by means of mixing columns before they are injected into 
the system. These columns consist of a pipe containing baffle 
plates. From 0.15 to 0.3 per cent by volume of caustic soda 
solution (about 10°B6.) or 0.3 to 1.0 lb. of lime per barrel of 
charging-stock is usually sufficient, although the exact amount 
must be determined by plant experiments. Obviously, an excess 
of the neutralizer creates alkaline corrosion, which may be more 
severe than the original acid corrosion, and hence the chemicals 
are not added in large enough quantities to neutralize the acid or 
sulfide materials completely. The corrosion can often be 
reduced to half by adding much less chemical than the amount 
required for complete neutralization. 

Ammonia rapidly attacks admiralty metal, and hence ammonia 
should not be used in a system having brass condenser tubes or 
parts. In some instances ammonia has been successfully used 
with admiralty-metal condensers but under careful supervision so 
that no lai-ge excess was ever present. Ammonium chloride 
gradually accumulates in the lines and condensers, and it must 
be “flushed out” with water or steam during cleaning periods. 
Caustic soda also causes deposits, and these deposits are so diffi¬ 
cult to remove that the use of caustic has been gradually aban¬ 
doned. Caustic deposits are particularly troublesome within 
fractionating towers so that if acid corrosion occurs within a 
tower, ammonia has usually been adopted as the neutralizing 
agent. Caustic soda also causes caustic embrittlement of the 
steel shells of evaporators, towers, etc. Two and one-half to 
twenty pounds of anhydrous ammonia is used for 1,000 bbl. of 
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crude oil, depending upon the amount of acid that is produced. 
Some refiners have reported a decrease of 97 per cent in the extent 
of acid corrosion by the use of ammonia. 
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CHAPTER XVII 

THERMAL DECOMPOSITION (CRACKING) 

The thermal decomposition, or cracking, of oil was called to 
our attention by Silliinan^ in 1871 and ever since commercial 
application in al)out 1910 the study of the theory of cracking 
has proved difficuilt. The compl(‘x composition of heavy oils 
has at times made tlu^ task seem almost unsurmountable. Even 
today, only a few of the hydrocarbons that boil above 200°F. 
have been isolated and studied. Hence the development of our 
great cracking facilities has been made mostly along other lines 
than fundamental theory. 

Although data on cracking are not so complete as we desire, 
they are coinpl(‘t(‘ (‘iiough to permit definite conclusions con¬ 
cerning almost any phases of craetking. The purpose of this 
chapter is to pn\sent and correlate, as completel}^ as possible, 
the data that an^ availabl(‘. 

Mechanism of Cracking. -Cracking is a phenomenon by 
which large oil molecul(\s are thermally decomposed into smaller 
lower boiling molecul(*s; at the same time certain of these mole¬ 
cules, which are reactive, combine with one another to give even 
larger molecul(‘.s than those in the original stock. The more 
stable molecailes lea\'(^ the system as cracked gasoline, but the 
reactive ones polymerize, forming tar and even coke. Although 
ga.soline is the common light product from cracking plants, all 
of the oils having boiling-ranges intermediate between fuel oil 
and gasoline are also produced. However, these intermediate 
materials are kept within the cracking system until they are 
decomposed, and they normally do not appear as final products. 
These intermediate materials, called recycle stock, can be kept 
in the cracking system until they are decomposed, by recycling 
them in a continuous system or by operating a batch system 
under a high pressure. The production of intermediate stocks 
is illustrated by the following general chemical reactions: 

* Am, Chem. Soc. 2, 18 (1871-1872). 
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.O7Hj5‘CttH80’O7Hu 

heavy gas oil 

Cneked rtock. OrHw + Ci4H2g: CH* + CeHis: CHt 

I gasoline -f- recyde stock 4- gasoline (antiknock/ 

More cracking. + (C4Ht: CH 2 -f- CJIu + CeHw: CHj) •+■ CHj: CH*CH: CH*CHi + CiHi 

i gas + gasoline gum forming materials + gas 

Potymeriaation...C 2 HB + (C4Hs:CH2 4* CisHw) 4“ CirHrr 4" CaH 4 

gas 4- gasdine -f tar or recyde + gas 


Although these exact reactions probably do nof take place, they 
are representative of the over-all reaction that occurs during 
cracking. 

Thus two general types of reactions take place: (1) primary 
leactions in which decomposition of large molecules into small 
molecules takes place and (2) secondary reactions by which 
active products polymerize to form heavy tarry materials. At 
the same time the products of polymerization may be again 
decomposed into smaller molecules. The nature of the primar}^ 
reactions may be illustrated by the experimental work of Hurd 
and Spence^ on the decomposition of w-butane at 600®C. (1112®F.). 
Their work indicates that the major part of the cracking occurs 
by these two reactions: 

CH3 CH2 CH2 CH3 CH4 + CH3 CH:CH2 

and 

CH8 CH2 CH2 CH3 CH3 CH3 + CH2:CH2 

“At 600 degrees the first of these appears to proceed to the extent 
of about 55 per cent and the second to 40 per cent. Dehydro¬ 
genation reactions into butene or butadiene appear to represent 
less than 5 per cent of the total.’' The dehydrogenation reactions 
referred to are 

CH3 CH2 CH2 CH3 -> H2 + CH3 CH, CH:CH2 

and 

CH3 CH2 CH2 CH32H2 + CH2:CH CH:CH2 

Their work also indicates that the tendency to dehydrogenate, 
leaving an olefin with the same number of carbon atoms as the 
original paraffin hydrocarbon, rapidly diminishes as the series is 
ascended. Thus the production of large amounts of hydrogen 
by cracking gas oil stocks should not be expected. 

The olefin hydrocarbons are not usually found in raw petroleum 
stocks, and hence the decomposition of olefins should properly be 
* J. Am. Soc., 61, 3353 (1929). 







290 


PETROLEUM REFINERY ENGINEERING 


considered as a secondary decomposition reaction. Both hydro¬ 
genation and dehydrogenation may occur during the decomposi¬ 
tion of olefins. Diolefins, parafiins, polymers, new olefins, 
hydrogen, and probably many other materials are produced. 
As an example of diolefin and paraffin formation, pentene-l 
reacts thus: 

CH2:CHCH2CH2CH8 CH4 + CHaiCHCHiCH^ 

and 

CH2:CHCH2CH2CH3 + H2->CH4 + CH8CH2CH:CH2 

The secondary reactions by which polymers are formed may be 
illustrated thus: 

CHa:CH 2 + CH 2 :CH 2 CH8 CH 2 CH :CH 2 (dimer) 

CH8CH2CH:CH2 + CH2:CH2->CH3CH2CH2CH2CH: 

CH 2 (trimer) 
or 

RCH:CH 2 + R'CH: CH 2 tars, oils, etc. (polymers) 

The data of Wheeler and Wood® on butene-1 illustrate the 
over-all results of all of the foregoing types of reactions (see 
Table 39). 


Table 39.— Decomposition of Butene-1* 


Temp., 
deg. C. , 

Calc. 

con¬ 

tact 

time, 

sec. 

Per cent by weight of 
butene-1 heated 

Gas analysis, per cent by volume of butene-l 
heated 

Total 

liquid 

Distil¬ 
late up 
to 170® 

c 

H, 

CHi 

Calls 

CaH* 

C,He 

.C*Hi 

cm. 

600 

61.6 

12.0 

6.6 

Nil 

■ 

8.1 

1.9 

3.2 

7 6 

64.1 

0.0 

660 

68.2 

29.8 

20.3 

Nil 

6.2 

37.2 

7.1 

14.2 

24.6 

19.8 

1.7 

700 

66. 

36.8 

23.6 

Trace 

imTI 

62.1 

10.6 

22.3 

19 6 

2.1 

1.4 

760 

62.6 

30.6 

22.4 

Trace 

17.3 

78.6 

9.7 

31.4 

6.6 

1.3 

0.2 

800 


30.4 

19.9 

1.0 

27.2 

89. 

7.6 

30.2 


1. 

0 

860 




4.7 

60.6 

96.7 

6.1 

20.6 

mm 

1.0 


000 



■1 

7.1 

86.2 



9.6 

■ 

0.0 



♦ Wheeler and Wood. 


In general, at higher temperatures the production of fixed 
gases, such as methane and hydrogen, increases (Table 39) and 
Chem, Soe., p. 1819 (1930). 
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the polymerization reactions appear to decrease. How true 
these generalizations are for high-molecular-weight hydrocarbons 
and particularly for naphthene hydrocarbons cannot be stated, 
but we expect that they are equally true. 

The general reactions of the paraffin hydrocarbons may be 
summarized as follows: 

Decomposition: 

R CH2 CH2 CH2 R' ->R CH:CH2 + CHa-R' 

R CH2 CH2 CH3 R CH. CHa + CH4 
RCH2CH3 RCH:CH2 + H2 

Polymerization: 

R*CH:CH 2 + R'-CH:CH 2 tars, etc. 

Frolich and Fulton^ conclude that the paraffin hydrocarbons are 
least stable and that otherl^follow in the order olefins, diolefins, 
naphthenes (six carbon ring), naphthenes (five carbon ring), and 
aromatics. This applies to cracking temperatures of 750 to 
1100 ®F. and to compounds of the same molecular weight. At 
higher temperatures the diolefins become more stable than the 
naphthenes, and hence the diolefins and their condensation 
products can be produced at high temperatures.® Egloff® and 
his associates have made a thorough study of the technical 
literature on the thermal reactions of hydrocarbons. 

Properties of Cracked Materials.—The properties of the 
products that are produced by cracking depend greatly upon the 
extent of cracking that is practiced. Sachanen and Tilicheyev’^ 
have studied the mechanism of cracking by producing recycle 
stocks that had been cracked once, twice, and several times. 
In each cracking test the oil was cracked at 450°C. The fraction 
boiling between 200 and 350®C. was separated by distillation 
and subjected to another cracking operation at 450®C. The 
extent of cracking was not exactly the same for each recycle oil, 
but the qualitative comparison (Table 40) is useful. Note the 

*The Theory of Cracking, Science of Petroleum,” Vol. Ill, p. 2104, 
Oxford University Press, New York, 1938. 

® Frolich, Simard, and White, Ind, Eng, Chem., 22, 240 (1930). 

• ® “Reactions of Pure Hydrocarbons,” Reinhold Publishing Corporation, 
New York, 1937. 

^ Oil Qa%J,, Dec. 19, 1929, p. 48. 
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30.6 A.P.I., 392®F. gasoline that was produced from the sixth 
recycle stock. 


Table 40.— Cracking Tests of Emba (Russian) Gas Oil* 


No. of 
operation 

1 

Time, 
min. at 
460*‘C. 1 

j 

Yield per cent by 
weight 

A.P.I. gravities 

Below 

200'^C. 

(392'‘F.) 

Al)ovc 

350°C;. 

(672°K.) 

Cracking- 
stock and 
recycle oils 

Below 

1 392T^. 

Above 

672°F. 

1 

42 

28.7 

10.5 

30.8t 

58.2 

10.6 

2 

52 

21.3 

8.6 

28.2 

52.5 

1.05t 

3 

75 

16.3 

7.9 

23.8 

46.0 

i.iiet 

4 

101 

12.1 

10.3 

19.2 

38.4 

1.177t 

5 

101 

3.9 

12.4 

15.4 

37.1 

1.157t 

6 

160 

8.0 

19.0 1 

^ 14.5 

30.6 

1.243t 


* Seo footnote 7. 
t Ernba giw oil (tiucracked). 
t Specific gravity. 


Sydnor and Patterson® have studied a Mid-Continent gas oil, 
and cycle oils produred from it, in a similar manner. Their 
experimental equipment simulat(‘d plant operations more 
accurately and they present more complete data than Sachanen 
and Tilicheyev.^ They attempted to operate for the formation 
of a fuel oil of the same gravity in each cycle of cracking. They 
aimed to produce a 400°F. end-point gasoline and a 10 A.P.I. 
tar in each cycle. Their results are given in Table 41* Note 
that the viscosity of the 10 A.P.I. tars ranged from 210 for the 
first tar to 18 for the tar produced in the fourth crack. The 
insoluble sediment in the fuel oil increased from 0.018 to 0.37 
for the same tars. 

Egloff® reports the analysis of straight-run and cracked gaso¬ 
lines (from the same crude oil) as shown in Table 42. This 
table indicates that the percentage of paraffin (knockers) and 
of naphthene hydrocarbons is le.ss in cracked gasolines than in 
straight-run gasolines but the percentage of unsaturated and of 
aromatic (antiknock) hydrocarbons is greater. 


•Ind, Eng, Ckem., 22, 1237 (1930). 
^Petroleum J^ng., Midyear, 1930, p. 104. 





thermal decomposition {CRACKING) 


293 


Cracked gasolines have higher octane numbers than straight- 
run gasolines from the same parent stock. Gasolines from 
normal stocks usually have octane numbers between 67 and 80; 
but if the stock is naphthene base, such as many Coastal, Cali¬ 
fornia, Texas, and Mexican stocks, the octane number of the 
cracked gasolines may be between 80 and 90. Higher octane 
numbers are obtained by operating at high temperatures and 
liigh pressures, and the octane number, when cracking is accom¬ 
plished by vapor-phase processes (temperature 1050 to 1250°F.), 
may be as high as 100. 

Table 41.—IOxperimbnts on Recycling 



Operation; i 

Convereion-per-pass.j 

Properties; ] 

Gas oil gravity. 

Fuel oil gravity. .. 

Fuel oil, Furol vise, at 

122°F. 

Fuel oil, insoluble sedi¬ 
ment, per cent. 



♦ Per cent by volume, 
t Per cent by weight, 
t Cycle oil from Run 4. 


Recent work on the reforming of straight-run gasoline has 
added much to our knowledge of the factors that affect the 
octane number. LeRoi and Ferguson'^^ find that the smaller 
the yield of gasoline and the greater the loss by producing gas 
the higher the octane number. Their experimental work was 
conducted in a modified tank-and-tube equipment. They intro¬ 
duce the term degradation, which may be defined as the per- 

Developments in Naphtha Reforming Practice . . . , 3d Midyear 
Meeting, A.P.I., Tulsa, Okla., May, 1933. 
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centage decrease in the yield of total liquid products for an 
increase of 1 in the octane number. General conclusions from 
their work are given in Table 43. 


Table 42.—Chemical Analyses op Gasoline 


Gasoline 

Unsatu¬ 

rated 

hydro¬ 

carbons 

Aro¬ 

matic 

hydro¬ 

carbons 

Naph¬ 

thene 

hydro¬ 

carbons 

ParafBn 

hydro¬ 

carbons 

Pennsylvania, straight run. 

2.5 

Trace 

14.9 

82.6 

Pennsylvania, cracked. 

16.8 

23.1 

12.1 

48.0 

Mid-Continent, straight run. 

2.9 

3.9 

19.7 

73.6 

Mid-Continent, cracked. 

15.0 

18.5 

12.6 

53.0 

California, straight run. 

2.2 

10.4 

28.1 

58.0 

California, cracked. 

25.8 

10.8 

19.8 

43.6 

Smackover, cracked. 

14.7 

27.5 

21.2 

36.6 

Cushing, Okla., straight run. 

1.6 

4.9 

23.7 

69.8 

Cushing, Okla., cracked. 

10.9 . 

19.8 

18.0 

51.3 

Somerset, Ky., straight run. 

3.8 

5.3 

20.6 

70.3 

Somerset, Ky., cracked. 

12.5 

14.9 

11.8 

60.8 

Straight-run gasoline from Ruman¬ 
ian crudes as follows: 





Bustenari. 

3 

13.3 

29.0 

54.7 

Arbanasi. 

4 

24.0 

14.0 

58.0 

Ceptura. 

2 

7.2 i 

20.1 

70.7 

Arbanasi. 


15.7 

21-23 

61.3-63.3 

Moreni. 


23.3 

16.2 

60.5 

Rumanian cracked gasoline: 





After chemical treatment. 

9.7 

28.9 

17.4 

44.0 

Before treatment. 

19.0 

23.5 

14.6 I 

42.9 


More exact values are given in the original paper,and a 
comparison indicates that the degradation is not a constant but 


Table 43.—Octane Number and Yield 


Stock 

BB 

Approximate 

degradation 

Type of operation 

Straight-run naphtha.. 

51 

0.37 

Coil only or coil and soaker— 
once through 

Cracked naphtha. 

45 

0.68 

Once through 

Cracked naphtha. 

46 

1 

1.3 

Currently recycling 


increases as the octane number of the distillate is increased. 
Higher yields of a given octane-number product are obtained at 
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higher pressures. By their tests, an increase of 10 per cent 
in the yield was obtained when the pressure was increased from 
250 to 800 lb. per square inch. Yields of total distillate are 
seldom more than 80 per cent, which means a gas loss of 20 per 
cent. 

Example 54. Octane Number of Gasoline by Reforming.—A straight- 
run naphtha has an octane-number of 35. If it is cracked in a once-through 
cracking equipment for the production of 80 per cent total distillate, what 
will be the octane number of the distillate? 

Total change in percentage = (100 — 80) = 20 

F'ach decrease of 0.37 per cent causes an increase of 1 in the octane num¬ 
ber (Table 43). 

20 

Octane number of distillate « -f 35 = 89 

l).o7 

The octane number of a 90 per cent yield would be lower: 

Octane number = -f 35 = 62 

These experimenters fail to report the exact operating 
conditions for each test, and hence the changes in octane numl:)er 
that they report ma}^ be due, in part, to differences in the tem¬ 
peratures or operating conditions, as well as to differences in 
the yield. In fact Egloff and Nelson^ show no change in 
octane number with different yields if the operating conditions 
are kept the same in each test. When Smackover fuel oil is 
cracked, the yield is increased from 39 to 63 per cent by cracking 
more and more completely, but the octane number of the pressure 
distillate remained the same. Egloff's“ tests are not comparable 
with those of LeRoi^° because different equipments and conditions 
were used and particularly because Egloff reported the octane 
number of the gasoline and LeRoi reported the octane number of 
the total product. 

Albright^® shows that an increase in temperature increases the 
octane number of the gasoline, if other conditions are kept the 
same. The octane number was increased from 69 to 72 by 

Cracking Light and Heavy Oils, 3d Midyear Meeting, A.P.I., Tulsa, 
Okla., May, 1933. 

Influence of Temperature in Reforming Naphtha, Ref. Nat. Oaeo. Mfr., 
January, 1933, p. 2. 
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increasing the temperature in a commercial unit from 997 to 
1010°F. 

Turner and LeRoi** find that the octane number of reformed 
naphtha can be computed as a function of the equivalent time at 
900“F. 

The octane number of a cracked gasoline can be estimated with 
fair accuracy from the A.S.T.M. distillation and A.P.I. gravity.*'' 
Equations are 

Octane number (high) = 82.8 — 65 (4 log A.P.I. + 2 log 

10% + 1.3 log 90% - 14.46) (46) 

Octane number (low) = 71.0 — 132 (3.5 log A.P.I. + 1.25 log 

10% 4- 1.6 log 90% - 12.92) (47) 


Table 44. —Yield and Octane Number 


Stock 

Source 

A.P.I. 

Yield 

gaso. 

Temi>., 
deg. F. 

Pres¬ 
sure, 
lb. 
per 
sq. in. 

Octane 

number 

Stock 

Gaso¬ 

line 

Oasoliiie. 

Pa. 

04.0 

70.7 

1000 

400 

50 

75 

Gaflolinc. 

Joiner and E. Tex. 

58.7 

84.4 

9.50 

500 

50 

76 

Oasoliue. 

Joiner and E. Tex. 

58.7 

88.1 

950 

500 

50 

71 

(lanoUnc. 

E. and W. Tex. 

01.3 

85.8 

995 

450 

59 

73 

Gaaoline. 

M.C. 

5*>.8 

82.3 

975 

500 

42 

70 

Gasoline. 

West Tex. 

58.1 

87.4 

950 

750 

61 

78 

Naphtha. 

Pa. 

54.9 

73.5 

9.50 

.500 

31 

70 

Naphtha. 

M.C. 

53.5 

75.5 

1000 ! 

500 

34 

7.5 

Naphtha. 

West Tex, 

51.5 ' 

80.4 

950 

750 

52 

78 

Goa oil. 

Pa. 

38.8 ! 

70.5 

950 

3.50 


76 

Gas oil. 

M.C. 

35.3 

05.2 

965 

3.50 


80 

Gas oil. 

Calif. 

34.5 

70.8 

9.50 

3.50 


77 

Gas oil. 

East Tex. 

32.0 

00.5 

9.50 

350 


75 

Gas oil. 

Coastal 

28.5 

52.8 

950 

400 


90 

Gas oil. 

Calif. 

20.1 

.55.0 

9,50 

360 


79 

Fue,l oil. 

New Mex. 

27.8 

56.0 

935 

350 


70 

Fuel oil. 

Mont. 

27.3 : 

00.2 

950 

300 


81 

Fuel oil. 

M.C. 

25.3 

51.2 

915 

250 


72 

Fuel oil. 

Ky. 

23.4 

55.1 

900 j 

265 


76 

Fuel oil. 

Calif. S. F. Spgs. 

19.8 

40.7 1 

929 

250 


75 

Fuel oil. 

Calif. 

17.8 

38.9 

890 

250 


79 

Fuel oil.1 

1 

Smackover, Ark. 

17.9 

48.8 

935 

200 


80 


Octane-number Improvement in Naphtha Reforming, Ind, Eng. Chem,, 
27, 1347 (1935). 

** Cox, R. B., Gasoline Octane Rating, Ref. Nat. Gaao. Mfr.^ Februar>', 
1940, p. 31. 
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Note that logarithms to the base 10 are employed. Octane 
numbers from 15 to 70 are classed as low octane numbers and 
from 62 to 83 as high octane numbers. 

Reference 11 also constitutes a good r^sum^ of the octane 
number that may be expected when operating with various stocks 
and at different operating conditions. The data given in Table 
44 were taken from this paper. The Dubbs process was used. 

Heat of Decomposition. —^Little definite information can be 
given regarding the heat that is required for the cracking reac¬ 
tion. Theoretical methods of computing the heat of decomposi¬ 
tion—and several of these are available—all fail because the data 
required to apply them are not usually available. Nevertheless, 
all of theses methods indicate clearly that if large amounts of gas 
are produced, the heat of decomposition is relatively higli and, 
if a process could be operated so that no gas was produced, th(' 
cracking reaction would generate rather than r(‘quire tlu' addit ion 
of heat.^® Those methods also show that the heat of decomposi¬ 
tion for heavy fuel oils is higher than for gas oil or naphtha stocks. 

The magnitude of the heat of decomposition expressed as 
B.t.u. per pound of 437®F. gasoline that is produced is indicated 
in Tabh^ 45. The heat of decomposition applies to a reaction in 
which a liquid is decomposed into both gaseous and liquid 
products, and hcn<;e the latent heat of vaporization is contained 
in the heat of decomposition and does not need to be included in 
heat-balances. 

Perhaps the most reliable method of computing the heat of 
decomposition is by means of the first law of thermodynamics 
as outlined in Examples 30 and 31 (Chap. XII). The heat of 
combustion is an accurate measure of the chemical energy con¬ 
tent of a material. Hence the difference between the heat of 
combustion of the cracking-stock and the total heat of combus¬ 
tion of the products of cracking is the heat required for cracking. 
Heats of coml)Ustion are normally given at 60°F., and hence it is 
necessary either to convert all of these to the cracking tempera¬ 
ture or to convert the computed heat of decomposition at 60®F. 
to the cracking temperature. Example 55 illustrates the applica¬ 
tion of this method. 

“ Perhaps this accounts for the rise in temperature that sometimes 
occurs as an oil flows slowly through a soaking drum. This phenomenon 
has been frequently reported by plant operators. 
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Table 45.—Heat of Decomposition 


Reference 

B.t.u. per 
lb. gaso. 

Method of determination 

lieslie and Potthoff^*. 
Obrayachikov and 

900 

Laboratory measurements 

Velikanov'^. 

Weir and Eaton 

630 

3 commercial heat-balances 

(0-24% gaso.). 

Weir and Eaton 

808* 

31 laboratory tests 

(24% gaso. up)- 

429 

7 laboratory tests 

Author. 

671 

6 commercial heat balances 

Author. 

]920t 

Computed for CalL —+ C 2 H 4 + H 2 

Author. 

1309t 

Computed for C 3 H 8 —► CaHe + H 2 

Author. 

6591 

Computed for CsHk -> C 2 H 4 + CH 4 

Author. 

9931 

Computed for nC 4 Hio —► C 4 H 8 -f H 2 

Author. 

5281 

Computed for nC 4 Hio —► C 2 H 4 + C 2 H 0 

Author. 

5461 

Computed for nC 4 Hio —^ CsHe + CH 4 


♦410®F. A.8.T.M. ond-point. 
t B.t.u. per pound of fiicd muterial. 


Example 66. Computation of Heat of Decomposition. —One hundred 
pounds of a gas oil and recycle cracking-stock is cracked to produce 17.1 
lb. of fixed gas, 57.5 lb. of pre.S8ure distillate, and 25.4 lb. of cracked tar. 
What is the heat of decomposition at 60 and at 900®F.? 

Basis: 100 lb. cracking-stock. A negative sign means heat liberated. 

Heats of combustion at 60”F.: 

B.t.u. per Lb. 


Cracking-stock. 19,370 

Fixed gas. 21,200 

Pressure distillate. 20,200 

Cracked tar. 18,400 


These may be estimated by the data given in Chap. VIII. 

Energy available in stock: 

Heat in cracking-stock 100(~ 19,370) -1,937,000 B.t.u 

Energy available in products: 

Heat in gas. 17.1(-21,200) =* - 362,000 

Heat in P.D. .. . 57.5(-20,200) « -1,160,000 
Heat in tarr . .. . 25.4(-18,100) - - 460,000 

Subtracting.. -1,”982.000 -1,982,000 

Difference in energy. Heat absorbed « + 45,000 

«/nd. Eng, Chem., 18, 776 (1926). 

^^Neftyanoe Khozyaistvo, 17, 370 (1929); and C, A., 24, 1206 (1930). 
«/nd. Eng, Chem., 29, 346 (1937). 
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45 000 

Heat of decomposition B.t.u. per pound of gasoline at 60®F. = ” 57 ^ “ 782 

Heat of decomposition at 900®F. (the sensible heat contents were computed 
from Figs. 33 and 34): 

Cool stock from 900 to 60°F... 100(~580) - 58,000 


Decomposition at 60°F. ~ + 45,000 

Heat gas to 900°. 17.1(655) = -f 11,200 

Heat P.D. to 900°. 57.5(642) = + 36,900 

Heat tar to 900°. 25.4(492) - + 12,650 

+ 105,750 +105,750 

Difference in energy. Heat absorbed (adding) = + 47,750 


Heat of decomposition, B.t.u. per pound at 900 = - 5 ^"^ ” 

Although the method outlined in Example 55 is correct from the 
standpoint of theory, it is hardly satisfactory for practical work 
unless great care is used. Very small errors in the heats of 
combustion or in the yields of products that are assumed will 
introduce great errors in the computed heat of decomposition. 
However, many useful generalizations can be determined. As an 
example, Obrayachikov^® has computed the following tabulation. 
The first column is the yield of gasoline in a single cracking oper¬ 
ation (or the crack-per-pass), and the second column shows the 
heat required to produce a pound of gasoline. 


Yield 

Heat of Decomposition 
per Lb. Gasoline, B.t.u. 

5 

2,700 

10 

1,710 

15 

1,170 

20 

900 

25 

865 

35 

790 


The results shown in this tabulation might be expected, inasmuch 
as a large amount of energy is used to produce recycle stock when 
only a small amount of gasoline is produced but relatively less 
heat is used to make recycle stock when the yield of gasoline is 
greater. 

Yields by Crackmg.—The estimation of the yields that may 
be expected when cracking a particular stock is always a trouble- 
Brf, Nat, Oaso. Mfr,, January, 1932, p. 34. 
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some problem. These may be obtained by laboratory cracking 
operations, but such yields are often worthless because the labora¬ 
tory procedure does not duplicate plant operation. In the past 
the j^ields have been estimated by referring to scattered data from 
plant operations, but to the author’s knowledge no comprehensive 
organization of these plant data has been made. 

The over-all reaction of cracking involves the decomposition of 
a heavy oil into gas, low-boiling oils, and tar. In this operation 
the hydrogen in the stock is concentrated into the light products, 
and hence the residue material becomes more and more deficient 
in hydrogen. Thus the larger the percentage of distillate pro¬ 
duced the higher will be the specific gravity of the residue that is 
left behind. The yield of gasoline is directly related to the differ¬ 
ence in gravity of the stock and the gravity of the tar. Approxi¬ 
mate yields by cracking are 


Yer = 30.8 + 0.035(.S - '1 

rA ^ 

’ C 

(48) 

Y,o = 303 - 250rf 


(49) 

Y„o = 331 - 300d 


(50) 

G = 0.45(6' - T) 


(51) 


where Ycr = per cent gasoline by cracking gas oil or fuel oil. 

Yqo = per cent 400 E.P. gasoline by coking gas oil. 

YJo = per cent 400 E.P. gasoline by coking fuel oil. 

G = per cent unaccounted-for losses. 

S = A.P.I. gravity of charging-stock. 

T = A.P.I. gravity of cracked fuel oil. 

d = specific gravity of stock being coked. 

D == end-point of gasoline. 

C = characterization factor. 

Great accuracy cannot be claimed for the equations. The 
(computed yields are seldom in error over ± 5 per cent, but a few 
(lata indicate larger losses. The equations should not be applied 
to abnormal cracking operations such as the production of very 
low gravity tars (3 A.P.I.) or for very mild cracking (S — T 
equals only 5). Reforming operations cannot be coirelated by 
simple equations of these types. An indication of the accuracy 
of Eq. (51) is giv(m in Table 46. 

Thus larger losses occur when gas oil is cracked than for fuel oil. 
This may be explained by the fact that gas oil must be heated to a 
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higher temperature or for a longer time than fuel oil to produce 
the same yield of gasoline. 


Table 46.—Gas and Unaccounted-for Losses 


Difference in sp. gr. of 
stock and tar 

Per cent gas and unaccounted-for losses 

Gas oil 

Fuel oil 

An average 
by Eq.(51) 

0.05 

7 

4 

4 

0.10 

9 

6.5 

7 

0.15 

11.7 

10.0 

11 

0.20 

15.5 

12.0 

14.2 


A comparison of the yield in the coking of gas oil and of furl 
oil also reveals the more refractive nature of gas oil. For the 
same gravity of stock, the yield from fiuJ oil is great(‘r than from 
gas oil. With reference to Eqs. (49) and (50), the yields when 
0.9 specific gravity (25.8 A.P.I.) stocks are coked are 

Yield from fuel oil = 303 — 250 X 0.9 == 78 per cent 

Yield from gas oil = 331 — 300 X 0.9 = 61 per cent 

In applying the foregoing formulae it is necessary to rely upon 
experience in estimating what A.P.I. of tar is possible. If the 
tar has too low a gravity, it may be so viscous that it cannot be 
easily withdrawn from the cracking unit or it ma^^ not be mar¬ 
ketable. Straight-run tars are viscous, but cracked tars are much 
more fluid. When distilled stocks are cracked, tars having 
gravities from 3 to 7 A.P.I. arc usually fluid enough to be mar¬ 
ketable. The tars obtained by cracking all of a fuel oil are more 
vis(^ous, and A.P.I. gravities of 6 to 9 are advisable. In some 
plants it is the practice to distill gas oil from fuel oil and leave a 
])artially cracked straight-run tar behind. Thus the tar from 
many cracking plants consists of a mixture of straight-run and 
cracked tars. These mixed tars are even more viscous and 
gravities of 8 to 11 are necessary. In reforming operations, 
cracked tars having gravities of 3 to 5 A.P.I. are common. An 
idea of the viscosity of cracked and Mid-Continent straight- 
nm tars (or fuel oils) may be gained from the following 
tabulation: 
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A.P.I. 

Furol viscosity at 122®F. 

Pure cracked 

Straight-run 

2.5 

1000 


6.0 

150 


7.6 

20 


17.5 


700 

20.0 


200 

26.0 


16 


In general, the yield of gasoline is increased by the following 
conditions: 

1. A low crack-per-pass or a high recycle ratio. 

2. A relatively low pressure (200 to 300 lb.). 

3. A relatively low cracking temperature (860 to 900°F.). 

4. The cracking of all of a black or residual stock rather than the production 
of a distilled cracking-stock and a residue of heavy tar. At the same 
time a black stock tends to produce coke in the tubes. 

5. A low octane-number gasoline. 

Example 66 . Yields by Cracking.—A 24 A.P.I. Mid-Continent fuel oil is 
to be cracked to produce 400 end-point gasoline and an 8 A.P.I. tar. What 
approximate yields may be expected? 

Yield gasoline [Eq. (48)] = 30.8 + 0.035(24 -• 8 ) = 49.8 per cent 

Unaccounted for loss [Eq. (51)] = 0.45(24 — 8 ) « 7.2 per cent 

Cracked fuel oil (by difference) = 43.0 per cent 

These arc ultimate yields. In determining the yield of pressure distillate, 
approximations must suffice. The loss during the rerunning of pressure 
distillate usually amounts to about 2 per cent, although the magnitude of 
the loss is determined by the character of the distillate and type of treat¬ 
ment. The bottoms obtained in the rerunning of the treated pressure dis¬ 
tillate is often blended with the cracked tar. The viscosity of the tar is 
sometimes high, and the addition of even a small amount of pressure dis¬ 
tillate butts serves to lower the viscosity a large amount. 

If a 440 end-point distillate is produced, the approximate yield would be 

Yield of P.D. - 30.8 + 0.035(24 - 8 ) ^ 51.7 per cent 

11.0 

The approximate yields of gasoline when operating in other ways would be 

When making a 10 A.P.I. fuel oil, 30.8 + 0.035(14) ». 47.4 per cent 

If coking, 303 - 250 X 0.91 - 75.0 per cent 
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Yields from Hydrocarbons.—In the thermal decomposition of 
butane and iso-butane, the principle reactions are as follows: 

71 C 4 H 10 ^ 71.C4H8 -f- H 2 (52) 

nC4Hio-->C8H6 + CH4 (53) 

nC4Hio-^C2H4 + C 2 H 6 (54) 

2 nC 4 Hio nC 4 H 8 + CaHs + CH 4 (55) 

271 C 4 H 10 —> ?iC 4H8 -f- 2 C 2 IT 6 (56) 

fC4Hio ^ ZC 4 H 8 + H 2 (57) 

iC 4 Hio -> CsHe + CII 4 (58) 

iC 4 Hio C 2 H 4 + C 2 H 6 (59) 

2tC4Hio~> tC4Pl8 + CJIs + CH 4 (GO) 


The reversible equations (52) and (57) are suppressed by 
pressure, but the bimolecular reactions, Eqs. (55) and (60), are 
promoted by pressure. The equilibrium constants for dehydro¬ 
genation reactions have been summarized by Grosse and Ipatieff. 

The extent to which each of the various reactions takes place 
is dependent upon the pressure and temperature; but since 
commercial practice is limited to high pressures in order to keep 
gas volumes low and to high temperatures in order to Imsten the 
rate of reaction, only the high-pressure data of Tropsch, Thomas, 
and Egloff-^^ will be given here. Average equations of their 
data^^ at about 1020°F. and at 725 lb. per square inch pressure 
are 

100 nC 4 Hio I9.25C4H8 + 33C3H6 + 3 ()C 2 H 4 + + 

33 . 5 C 2 H 6 + 49 CPI 4 -h I. 5 H 2 (61) 

100fC4Hio 29iC4H8 + 43 C 3 H 6 + 5 . 5 C 2 TI 4 + 22.5G8H8 + 

5 . 5 C 2 H 6 + 65.5CH4 + 6 . 5 H 2 (62) 

Similar data have been published by various inve8tigators;22.23,24 
and although the exact products that are produced at various 

Catalytic Dehydrogenation of Gaseous Paraffins, Ind. Eng. Chem., 82, 
268 (1940). 

** Pressure Pyrolysis of Gaseous Paraffin Hydrocarbons, Ind. Eng. Chem., 
28, 324 (1936). 

** Egloff, Thomas, and Linn, Pyrolysis of Propane and the Butanes, Ind. 
Eng, Chem., 28, 1283 (1936). 

** Echols and Pease, Kinetics of the Decomposition of ri-Butane, J. Am. 

Soc., 61 , 208 (1939). 

** Neijhaus and Marek, Thermal Decomposition of n^Butane into 
Primary Products, Ind. Eng. Chem., 24, 400 (1932). 
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pressures and temperatures vary somewhat, the total production 
of olefins from either normal or isobutane and the total volume of 
gaseous products are remarkably uniform: 

Mols of olefins produced = 80-85 per cent of mols of butanes 
Total mols of jjroducts = 190 per cent of mols of butanes 

Such yields cannot bo obtained commercially unless recycling is 
U8(^d, bec^ause polymerization consumes part of the yield. In 
general, short reaction times, a low crack-per-pass, low pressures, 
and high temperatures are the best operating conditions, but 
each of these is limited by economics or practical considerations 
in commercJal pracitice. Long times or a low crack-per-pass 
require large equipment; low pressures require the handling of 
large amounts of vapor; and temperatures are limited by the 
alloy materials that are available for tubes. 


(Reference 25) Cracking time: 12 min. 

Cracking temperature: 842®F. 


Stock 

Sp. gr. 

392''F. distillate 
per cent by weight 

Reaction 
vel. constant 

Kerosene. 


4.9 

0 0000672 

Solar oil. 


18.6 

0.000288 ’ 

Paraffin oil. 

0.833 

26-30 

0.000457 

Spindle oil. 

0.904 

28.2 

0.000461 

Three cylinder oils. 

0.931 

29.5-30.5 

0.000498 

Paraffin. 

I 31.2 

0.000518 




* Computed by author by Eq. (fi3). 


(Reference 21) Cracking time: 64 min. 

Cracking temperature: 796°F. 


Stock 

Boiling- 
range, 
deg. F. 

! 

Sp. gr. 

392°F. distillate 
per cent by weight 

Reaction * 
vel. 

constant 

Kerosene. 

428-518 

0.81 

14.9 

0.0000415 

Oas oil. 

518-572 

0.834 

15.8 

0.0000443 

Solar oil,.. ..... 

572-617 

0.859 

17.6 

0.0000505 

Engine oil. 

0.91 

22.4 

0.0000660 




* Computed by author from E<i. (03). 
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Rate of Cracking. —The rate at wliich cracking occurs is 
governed mainly by three factors: the temperature, the time, and 
the character of the cracking-stock. The yield in a given length 
of time increases rapidly with temperature; the yield at a fixed 
temperature increases with time up to a certain point, and then it 
decreases; and the yield for a given length of time is greater for 
heavy stocks. The tabulations shown on page 304, which were 
taken from the work of Sachanen and Tilicheyev,25'26 indicate 
the relation of the rate of cracking to the properties of the 
cracking-stock. 

Thus the lighter the cracking-stock the longer the time required. 
In commercial practice the yield from light stocks is obtained not 
by using a long length of time but by using a higher temperature. 
As will be shown later, an increase in temperature is very effec ¬ 
tive in decreasing the time required. Stocks that have already 
been cracked, such as recycle stock, also require a longer time. 
In general, stocks that require a relatively long time for a given 
yield are termed refractory stocks. Recycle stock, kerosene, 
naphtha, and gasoline are classed as refractory stocks. 

The cracking reaction may be described in a general way as a 
first-order reaction if the decomposition is limited to a low con- 
version-per-pass (20 to 25 per cent): 

io^ 

where Ki = reaction velocity constant (Fig. 94). 

t = time, sec. 

a = percentage of material in feed-stock—^for a pure 
feed-stock a = 100. 

X = percentage of material that disappears during the 
reaction time t. 

In order to use the equation in designing cracking equipment it is 
necessary to assume that x represents the percentage of product 
that is produced. Several different definitions of the term x are 
used on Fig. 94: 

1. Hydrocarbons (methane through heptane). The term x is 
used as mol (or gas volume) percentage, and it refers to the 
^disappearance of the feed-stock hydrocarbon. 

» Oil Gas /., June 23, 1927, p. 144. 

^J. Inst. Petroleum Tech.y 14, 761 (1928). 
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2. Cracking stocks (naphtha through residuums). The term 
X is used as liquid-volume percentage of 400 E.P. gasoline that is 
produced. 
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what depending upon the viscosity of the lubricating oils that 
are produced. 

The exact types of reactions that are contemplated in using 
Fig. 94 or the kinds of products that will be produced must be 
^gained from independent sources or reference to the original 
data^^ used in plotting Fig. 94. The constants may be used for 
cither liquid- or vapor-phase reactions. 

The reaction velocity constant may be related to temperature 
by the follomng form of equation: 

lnK^ = ~^- + C 

where R == gas law constant = 1.985. 

T = absolute temperature, deg. K. 

E = energy of activation, cal. 

C = a constant. 

For gas oil the value of E is about 55,000 and of C is about 30. 

Effect of Time, —In general, the longer the length of time the 
greater the yield. However, the yield decreases if the time is very 
long. This is illustrated by the data of Wat(»rmann and Perquin^^ 
(Fig, 95) for paraffin wax. As cracking starts, primary decom- 

• position reactions take place; but as the time is increased, the 
concentration of reactive unsaturated materials increases and 
polymerization reactions begin to be important. These com- 

Data for Fig. 94: Bragg, L. E., Ind. Eng. Chem., 33, 376 (1941); 
Hague and Wheeler, J. Chem, Soc., pp. 378r-393 (1929); Bone and 
Coward, J. Chem. Soc., pp. 93-94, 1197 (1908); Marek and McCluer, 
Ind. Eng. Chem., 23, 878 (1931); Frey and Hepp, Ind. Eng, Chem., 
24, 282 (1932); Pease and Durgan, J. Am. Chem. Soc., 52, 1262 
(1930); Hurd and Spence, J. Am. Chem. Soc., 51, 3353 (1929); 
Tropsch, Thomas, and Eglofp, Ind. Eng. Chem., 28, 324 (1936); Egloff, 
Thomas, and Linn, Ind. Eng. Chem., 28, 1283 (1936); Geniessb and 

* Reuter, Ind. Eng. Chem., 24, 219 (1932); Keith, Ward, and Rubin, Proc. 
4.P.7., 1933; Pease and Morton, J. Am. Chem. Soc., 55, 3190 (1933); 
Frey and Hepp, Ind. Eng. Chem., 26, 441 (1933); Marek and Neuhaus, 
Ind. Eng. Chem., 25, 516 (1933); Frey, Ind. Eng. Chem., 26, 198 (1934); 
Paul and Marek, Ind. Eng. Chem., 26, 454 (1934); Mbid and Burke, Ind. 
Eng. Chem., 27, 299 (1935); older references used in drawing Fig. 95 in 
“Petroleum Refinery Engineering,” 1st ed., pp. 322-323, *329; and 
laboratory tests by the author on viscosity breaking and vacuum 
decomposition. 

*• /. Inst. Petroleum Tech., 11, 36 (1925). 
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bination reactions use some of the materia that has been formed 
by decomposition so that the 3 deld of gasoline decreases. In Pig. 
96 the curve of the cracking rate is nearly linear out to 30 per 
cent. This shows that only one factor, viz“ decomposition, is 
greatly affecting the yield. But at 30 per cent the effect of 
polymerization becomes marked; and at 48 per cent the rate at 
which polymerization is taking place is more rapid than the rate 
of decomposition, and the yield becomes less. As the yield 
becomes less, large amounts of tar are produced and coke may be 



Fiq. 96.—Yield of gasoline versus time at 842°F. {Watermann and Perguin, 
J. Inat. Petroleum Tech.) 

formed. Hence commercial processes are never operated at 
times that are greater than the time at the maximum point in 
the time-yield curve. If recycling is practiced, the conversion- 
per-pass must be well below the maximum point, but for once- < 
through operation the conversioii-per-pass may approach the 
maximum point closely. 

Temperature affects the general shape of the time-yield curve. 
The maximum percentage point is lower for high cracking tem¬ 
peratures and also lower for stocks that have already been 
cracked. Thus at high temperatures the rate of polymerization 
is relatively faster than at low temperatures. The maximum 
points and times for several sets of data are shown in Table 47. 
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The use of reaction chambers and soaking drums is to some 
extent being abandoned, except when coke is desired, because of 
the decreased yields at a long length of time. However, in some 
modern plants, the use of reaction chambers for soaking the vapor 
^has resulted in both increased capacity and an increased yield. 
The maximum points are also the governing factor in determining 
the recycle ratio that is possible. 


Table 47.— Time for Maximum Yield op Gasoline 


Temperature, 
deg. F. 

Max. yield 
in a single 
operation 

— n 

Time, see. 
at max. 
yield 

Phase 

Stock 

Refer¬ 

ence 

700 

Negative* 

20,000+ 

Liquid 

Recycle oil 

20 

800 

40 

14,000 

Liquid 

Gas oil 

SO 

842 

48t 

7,500 

Liquid 

Paraffin wax 

28 

932 

31 

1,000 

Vapor 

1 Gas oil 

81 

1,076 

26 

30 

Vapor 

Gas oil 

31 

1,184 

23 

3 

Vapor 

Gas oil 

i_ 

31 


♦ Yiold decreases with time, probably owing to recycle stock. 

t Either poor data or the stock, parafliii wax, caused tlie maximum i)oint to he high. 


An idea of the lengths of time used in commercial processing 
, may be gained from the following tabulation: 


Operation Time, Sec. 

Butane decomposition at 1000°F. 380 

Reforming (once through) at 1000'’F. 300 

Oacking (mixed phase recycling) at 900°F. 170 

Viscosity breaking (once through) at 860°F. 150 

Reforming (recycling) at OSO^F. 130 

Butane decomposition at llOO^F. 40 

Cracking (vapor-phase recycling) at 1050°F. 3 

Cracking (vapor-phase recycling) at 1150°F. 0.3 


Recycle stocks require more time for a given yield than straight- 
'run stocks. The following tabulation indicates the refractive 
nature of these stocks. The figures refer to the ratio of the yield 
from recycle stock to the yield from fresh stock, if the two are 
cracked under the same conditions of time, temperature, and 
pressure. 

** Leslie and Potthopf, Ind. Eng, Ckem.f 18, 776 (1926). 

* ' Cross, Handbook of Petroleum, Asphalt, and Natural Gas,^' Bull. 25, 
p. 287, 1928. 

Geniesse and Reuter, Ind. Eng. Chem.^ 24, 219 (1932). 
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Once cracked 

Twice 

cracked 

Current 

recycling 

Thrice 

cracked 

Reference 

0.6 

0.79 

0.795 

0.318 


0.175 

7 

7 

8 

18 

Fig. 94 

0.69 



0.4-0.47 

0.43 



Recycle stock, r(?gardleas of recycle ratio, will consist almost 
entirely of material that has been cracked once and twice. Hence 
the currently recycled sto(;k will crack about half as readily as 
fresh stock. 

Recycling in Cracking Plants.—In commercial plants the ^ 
ultimate yield of pressure distillate is not produced in a single 
cracking operation. Recycle stock and gas oil are charged to the 
cracking heater, and a relatively small percentage yield from this 
large amount of mixed stock is a large yield when based on the 
original stock. As an example, assume that two parts of recycle 
and one part of fresh stock are cracked giving a yield, based on the 
mixture, of 20 per cent, or 0.2 X 3 = 0.6 parts of distillate. 
Based on the one part of fresh stock, which is all that comes into» 
the plant, the yield of pressure distillate is 0.6 X 100 -5- 1 = 60 
per cent. 

Recycling is necessary because coke is deposited and a large 
gas loss occurs if high yields per pass are produced. The tarry 
material and the reactive materials that are produced during 
cracking seem to be the source of coke. If the yield is great, the 
maximum point shown in Fig. 95 is approached, and polymeriza¬ 
tion takes place with the formation of tar and coke. These 
products are always produced to some extent, but in the recycling 
operation they are currently eliminated. The common arrange-, 
ment is to cycle the cracked material that issues from the pipestill, 
through a fractionating system. In the fractionating system the 
tarry materials are eliminated into the pressure-still tar; the gas 
and pressure-still distillate pass overhead; and a heart-cut mate¬ 
rial consisting of fresh gas oil and recycle is witj;idrawn as a clean 
distillate which is continuously pumped into the pipestill. Thus 
the same quantity of recycle stock and of fresh gas oil or reduced ‘ 
crude oil is charged to the pipestill each hour, and constant 
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quantities of recycle, gas, distillate, and cracked tar issue from 
the outlet of the still each hour. 

The relative quantities handled at various points in a particular 
type of cracking system are illustrated in Fig. 96. The quantities 
_n the figure are given in barrels and are based on a charge of 
100 bbl. of a fuel oil charging-stock. The charging-stock consists 
of 85 bbl. of gas oil and 15 bbl. of straight-run tar. The charge is 
heated b}^ exchangers and a heater, if necessary, and is then mixed 
with the hot cracked material that issues from the pipestill. 
In evaporator A everything except the straight-run tar and the 

Reoluctol crude 



Fig. 96 ,—Simplified diagram of cracking operation. 


cracked tar is vaporized. In the fractionator B the pressure 
distillate and gas are eliminated, and the gas oil and recycle stock 
are separated and returned to the pipestill. 

The recycle ratio is defined as the barrels of recycle stock per 
barrel of fresh gas oil. The recycle ratio for this operation is 
195/85, or 2.3, and the crax^k-per-pass is 56/280, or 20 per cent, 
'iFhe recycle ratio is sometimes used as the barrels of recycle 
divided by the plant charge (100 bbl. in this case). Such a 
definition of recycle ratio is not logical in the system illustrated 
l>ecause the entire 100 bbl. is not exposed to cracking conditions. 

The general effect of increasing the crack- or conversion-per- 
pass is as follows: 

f. I/)wer gasoline yield. 

2 . Higher octane number. 
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8 . An increased tendency to produce coke. 

4. The production of more gas. 

5. An increase in the volatility of the light-end of the gasoline. 

In most respects it is an advantage to use a low crack-per-pass^ 
or a high recycle ratio, but the cost of the plant is much greater. 

If the percentage of distillate that is produced per pass is high, 
coke will 1)0 deposited in the tubes and the entire operation may 
be prematurely terminated. Commercial operating data show 
that the allowal)Ie crack-per-pass for liquid-phase processes is 
between 13 and 20 per cent and for vapor-phase processes 8 and 
13 per cent. The crack-per-pass is definitely related to the 
maximum points shown in Table 47. The allowable crack-per- 
pass for recycling processing is about half of the maximum yield^ 
of gasoline that can be produced in a single cracking operation. 
Thus the allowable crack-per-pass for a liquid-phase process 
opt^rating at 800°F. (Table 47) is about 40/2, or 20 per cent, and 
for a vapor-phase process operating at 1184°F. about 11 per cent. 
For once-through processing systems the crack-per-pass may be 
larger. The reason for the relation between the crack-per-pass 
and the maximum yield is the fact that the fresh stock is cracked 
much more severel.y than the recycle stock. Both stocks are in 
the cracking zone for the same length of time, but the yield from* 
the recycle stock is only about half as large as the yield from the 
g^ oil. Thus the gas oil is being cracked at a yield that is close 
to the maximum point, but the recycle stock is being cracked for 
a yield that is less than the average crack-per-pass (Example 58). 
At very high cra(?ks-per-pass the gas oil will be cracked for a time 
greater than that for the maximum yield, and coke will be 
formed. 

Example 57. Material Balance and Crack-per-pass. —A cracking plant 
is to operate at a cracking temperature of 915®F. and at 400 lb. per sq. in. 
Assume that 80 per cent 27.5 A.P.I. gas oil can be distilled from the fuel 
oil. Make material balances to show the quantities of the stocks at all 
points. What recycle ratio atid crack-per-pass should be used? 

Basis: 100 gal. of fuel oil charging-stock. 

Ultimate yields are 


Per Cent 


Pressure distillate (440 E.P.). 64 

Gas and loss. 6.1 

Fueloil. 89.9 
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Material Balance or Fuel Oil Chargino-stock 


Material 

Per cent 
or gal. 

A.P,I. 

Lb. per | 
gal. 

Total 

lb. 

Fuel oil, charging-stock ... 


24 

7.58 

758 

Gas oil. 


27.5 

7.41 

593 

Straight-run tar..... 




165 


Lb. of straight-run tar 758 — 593 = 165 
Lb. per gal. of tar =8.25 


The A.P.I. corresponding to 8.25 lb. per gal. is 11.3. 


Material Balance op Plant Tar 


1 

Plant tar 

Per cent 
or gal. 

A.P.I. 

Lb. per 
gal. 

Total 

lb. 

Total tar. 

39.9 

8.0 

8.45 

337 

Straight-run tar. 

1 20 

11.3 

8.25 

165 

Cracked tar. 

19.9 



172 


172 

Lb. per gal. of cracked tar = 8.64 


A.P.I. of cracked tar is about 4.8. 

Recycle ratio: 

When cracking at 915®F. the allowable crack-per-pass is about 34 divided 
by 2 (Table 47), or 17 per cent. In general, a little higher value than this 
is possible, and hence 19 per cent will be used as the crack-per-pass. The 
total 54 gal. of distillate is 19 per cent of the charge to the furnace. 

Furnace charge, 

^,= 284 gal. 


Material Balance of Furnace Charge 


Material 

Per cent 
or gal. 

wm 

Lb. per 
gal. 

Total 

lb. 

Gas oil. 

80 

27.6 

7.41 

593 

Recycle.. 

204 

16.0* 

8.04 

1,640 

Furnace charge. 

284 

2,233 





* The A.P.I. of the recycle stock will be a little over half as much as the A.P.I. of the 
•as ofl. or about 15 A.P.I. 
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Lb. per gal. of furnace charge, 


A.P.I. is 18.4, 
Recycle ratio, 


^33 

2 ^ 


7.86 


~ 2.55 parts recycle per part gas oil 


Material Leaving Pipestill 



* Assume A.P.I. of distillate is 55. 


Recycling in Butane Plants.—The thermal decomposition of 
butane is practiced in essentially the same manner as cracking. 
Differences arise only because the feeds and products have 
different boiling-ranges from those encountered in cracking ^ 
plants. The feed to the pipestill consists of butane feed-stock 
mixed with a recycle stock that consists primarily of butane but 
usually contains some propane. The propane (and excess 
butane) serves as a diluent in keeping the concentration of the 
products of decomposition to a low value just as recycle stock 
keeps the concentration of tar to a low value in a cracking plant. 
The conversion-per-pass ranges from 5 to 13 per cent in decom¬ 
position plants. The primary difference between the two proc¬ 
essing schemes lies in the manner of recovering the products or in 
recovering the recycle stock. In the butane plant the product is , 
separated as a liquid in the fractionating system (or subjected 
directly to some process such as polymerization for utilization of 
the olefins) and the excess butane and propane are separated 
from the gaseous product to be employed as a recycle stock. 
Thus, butane plants require fractionating equipment similar to 
those used in natural gasoline plants and gas recovery systems, 
whereas separation systems operating at about atmospheric 
pressure are suitable for cracking plants. The butane decomposi- 
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tion plant shown in Fig. 97 should be compared directly with the 
cracking system shown in Fig. 96. 

The system shown in Fig. 97 is usually employed with other 
systems such as polymerization, alkylation, etc., and such proc- 
^esses are inferred in the dotted-line operations indicated in the 
ccmter of the diagram. High temperatures and pressures are 
necessary in the decomposition zone in order to care for the 
relatively large volume that is occupied by gaslike materials such 
as butane. If thermal polymerization is the process contem¬ 
plated in the center of the diagram, the whole flow diagram is the 


Oas product- 
16 Propane(mols) 
84qases 
^ (often sent 


400 Ibi/sq. 



f ] to absorption 

|.in.A I or refrigeration 


^stem to re¬ 
cover last of 
Butanes) 



Fio. 97.- 


Butane ll4mols 
Propane 86 

200 Reekie 
too Peed 
SOO Furnace 

„ , , . (or products from therri) charge 

Butane feed-lOO mols 

-Typical thernial-deconipositioii system for butane (or hydrocarbons). 


same as a cracking process except that a long time element is 
required in the polymerization zone whereas in cracking plants 
the polymerization of tars, etc,, is avoided in every way possible 
and particularly by cutting the time to a minimum. 

Effect of Temperature.—The temperature at which cracking 
starts to take place is between 680 and 700®F. This appears to 
be true even for decomposition at subatmospheric pressures 
(vacuum), although minor changes in color and viscosity appear 
at lower temperatures. 

According to Fig. 94 and numerous investigators, the rate of 
thermal decomposition is found to increase rapidly with tempera¬ 
ture. Various materials are affected differently by temperature, 
but variations are not great. The approximate number of 
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degrees rise in temperature that will cause the rate of decomposi¬ 
tion to double are 


Decomposition 
temperature, 
deg. F. 

Rate doubles 
for each— 

Decomposition 
temperature, 
deg. F. 

Rate doubles 
for each— 

700 

20 .0°F. 

1100 

34.5"F. 

800 

22 .0^. 

1200 

39.0°F. 

900 

25.7°F. 

1300 

44.0“F. 

1000 

SOO-F. 

1700 

67.0°F. 


The general relation among temperature, time, and yield is 
given by Eq. (63) and Fig. 94. It must always be recalled that 
these data do not apply to large yields or to situations in which 
polymerization (or secondary) reactions occur to such an extent 
that they undo the results of the primary decomposition reac¬ 
tions. For the usual situation, however, in which temperature 
varies, equations such as (66), and (64) and (65) must be employed. 

Example 68. Temperature, Time, and Yield.—The cracking operation 
presented in Example 57 will be continued. C’racking is to occur at about 
915®F. 

How much time is required to give a crack-per-pass of 19 per cent? 
Basis: 284 gal. of furnace charge (or 100 gal. of reduced crude). 

The recycle stock (204 gal.) will produce only 43 per cent as much gasoline 
as that which accrues from the fresh stock (gas oil). (Refer to page 310.) 
Rate of cracking gas oil (let x — yield from gas oil): 

284(0.19) = 80x + 0.43 X 204a: 

X = 32.2 per cent 

Simultaneous yield from recycle = 13.85 per cent 

At 915°F. the value of A”] is 0.00296 (Fig. 94). 

Time at 915°F. [Eq. (63)]: 

' “ 5706296= 337 In 1.452 = 126 sec. 


Note also that leased on recycle stock, or on the mixture, the time is 
1 , 100 


or 


^ * 0.00122100 -- 13.85 

, _ 1 , 100 _ 
“ 0.0018 100 - 19 * 


= 820 In 1.16 * 122 sec. 


555 In 1.233 126.5 sec. 
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For cracking at a constant length of time: 

C 2 = Co2V * / (64) 

; And for a constant yield, 

/ro-ra\ y 

V2 = Fo 2 V . ; or = -7-7^ 

where C2 = yield for a given time at temperature T2. 

Co == yield for a given time at temperatiin^ Tq. 

V2 = time for a given yield at temperature T2. 

Fo = time for a given yield at temperature Tq, 

X = number of degrees required to double the yield. 

An equation of the rate of cracking through a range of tem¬ 
perature can be derived as follows by assuming that the rate 
of heating is uniform. If the rate of heating appears to be far 
from uniform in some particular situation, the error can be 
reduced as much as deemed necessary by considering the heating 
range as a series of short temperature ranges. 



where G = yield during heating for time per cent. 

Co = yield, per cent per sec. at 7 \). 

T = final temperature, deg. F. 

To = initial temperature, deg. F. 

X = a constant, average number of degrees to double 
yield. 

If the heating takes place at a uniform rate, 

T = To+ kt 

♦ where k = rate of heating, deg. F. per sec. 
t = total time, sec. 
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Although cracking, in the normal sense, occurs at temperatures 
exceeding 680°F., other less vital changes take place when oils 
are heated to lower temperatures. These changes are most 
noticeable with lubricating oils. Many untreated lubricating 
oil stocks are discolored if they are heated even to 300°F. in the 
presence of air. If they are heated to higher temperatures for a 
long time, the viscosity and the gravity are also lowered. In 
the author’s laboratory a paraffin-base lubricating oil was redis¬ 
tilled three times for the purpose of separating the oil into well- 
fractionated products of short boiling-range. During these 
distillations the temperature in the main body of liquid never 
exceeded 620°F. and the pressure was kept at less than 10 mm. 
The oil was heated for a total time of 22 hr. at 300 to 620°F. The 
viscosity and gravity dropped as follows: 


30®F. fractions boiling at 
these average atmospheric 
boiling-points 

Viscosity at 100°F. 

Sp. gr. 

Before 

After 

Before 

After 

700 

57 

56 

0.8484 


800 

104 

99 

0.8636 


900 

245 

229 

0.8742 

0.8729 

1000 

415 

350 

0.8825 

0.8794 


Effect of Pressure. —The technical literature offers many 
conclusions as to the effect of pressure on the cracking reaction, 
but most of these conclusions are based on experiments in which 
other variables, such as temperature or time, were not held 
constant. Such data are confusing because we cannot tell 
whether pressure or one of these other factors was the cause of the 
changes that occurred. 

The most obvious effect of pressiure is the fact that a high 
pressure suppresses vaporization and tends to produce a liquid- 
phase whereas a low pressure allows a vapor-phase to be pro¬ 
duced. Obviously, a gas oil that vaporizes completely at 880‘'F. 
(760 mm.) cannot be cracked at 880°F. at atmospheric pressure 
because it will be vaporized almost completely and will pass into 
the condenser without allowing time for cracking to occur. The 
products from such an operation are tar, gas oil, and a small 
amount of kerosene or gasoline. In order to produce mainly gaso- 
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line, the pressure must be sufficiently high to keep all materials, 
other than gasoline and gas, in the liquid-phase. These materials 
remain in the system until they are cracked into gasoline, 
recycle stock, or tar. 

In a similar manner lubricating oils or heavy distillates can be 
the major products of decomposition if the pressure on the crack¬ 
ing system is less than atmospheric.®- As indicated previously, 
the cracking reaction takes place as a series of decompositions 
in wliich the first product is lubricating oil. At high pressures 
the lubricating oil remains in the system and in turn is decom¬ 
posed into gas oil, kerosene, and finally gasoline and gas. In 
ether words, the decomposition continues until the decomposition 
products can vaporize at the temperature and pressure that are 
used in the cracking system. If the pnvssure is reduced to 30 to 
100 mm., the lubricating oils that are produced during tl)e 
decomposition reactions are vaporized and are automatically 
withdrawn from the system without decomposing into gasoline. 
The fact that decomposition is much more severe when gasoline 
is produced than when the action is stopped at intermediate 
stages of decomposition is illustrated by the following tabulation 
of yields. The tabulation shows the yields when a 10 A.P.I. 
Mid-Continent straight-run tar is decomposed to produce coke by 
using different pressures in the cquipmtmt. In each run the 
products were gas, coke, and the major liquid product shown 


below. 

Run No. 

Total liquid product 

1 

Per cent total 
distillate 


Gasoline, computed from Eq. (69). 

63 

1 

Kerosene. 

63 

2 

Gas oil (36 A.P.I.). 

66 

3 

Lubricating oil (600 vis. at 100®). 

69 

4 

Heavy lubricating oil (93 vis. at 210®). 

72 


Thus, if a large molecule is decomposed into relatively small 
molecules such as those in gasoline, the yield is low; whereas if 
the decomposition is carried only to the production of molecules 
such as those found in lubricating oil, the yields are considerably 
larger. This process differs from cracking in that a complete 
** Nelson and Fanchbr, U.S. Pat. 1,990,664. 
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decomposition to gasoline is not carried out and the pressure is 
subatmospheric rather than above atmospheric pressure. 

In addition to the aforementioned purely mechanical effects of 
pressure, the properties of gasolines produced at a high pressure 
are somewhat different from those produced at a low pressure. 
Sachanen and Tilicheyev^* report that the amount of unsaturated 
hydrocarbons found in gasoline produced at moderate cracking 
conditions decreases by about half as the pressure is increased 
from 10 to 40 atm. But at the same time the percentage of 
naphthene hydrocarbons increases about 12 to 16 per cent. The 
increase in the percentage of naphthene hydrocarbons is even 
greater in the cracked kerosene fraction. They also find that 
the yield of gasoline is slightly less at high pressures. This may 
ho explained by the decomposition of part of the gasoline into 
fixed gas by the prolonged time of cracking. However, Keith, 
Ward, and Rubin^® and LeRoi and Ferguson^*^ report just the 
opposite effect of pressure. Keith finds that the gas loss is three 
times as much at 100 as at 1,000 lb. per square inch. Com¬ 
mercial practice also indicates that the gas loss is less at high 
pressures. 

Most exporimenters^”'^^ find that the octane number decreases 
as the pressure is increased if the same amount of cracking is 
l)racticed. 

The use of pressure in commercial processes is necessary from a 
physical standpoint. Mixtures of oil and vapor at cracking 
conditions tend to deposit coke. Apparently the liquid segre¬ 
gates and collects on the walls of the tubes and is cracked for a 
longer time than the main body of stock. A high pressure 
produces a very dense vapor-phase, and hence segregation of 
liquid is avoided. 

Liquid-phase and Vapor-phase Operation. —In general, three 
phase conditions are recognized in commercial processes. If the 
pressure is relatively low, so tl:at a pure vapor-phase can be 

” Oil Gas Nov. 28, 1929, p. 46. 

**The bomb equipment that Sachanen and Tilicheyev used promoted 
the cracking of gasoline by allowing part of it to condense and drip back into 
the cracking vessel. In some tests they kept the products of cracking in the 
cracking still until the test was completed. 

“ The Cracking of M. C. Virgin Gas Oil . . . Range of Temperature and 
Pressure, Refinery Div., Proc, A.P./., 1933. 
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produced at the cracking temperature, the process may be classed 
as vapor-phase. Vapor-phase processes are not successful unless 
a vapor that is free from liquid is produced, because coke will be 
deposited in the tubes. At higher pressures and lower cracking 
temperatures a mixed-phase results and special precautions 
must be taken to avoid the formation of coke. Most modern 
commercial processes are classed as mixed-phase processes. 

The ideal condition, from the standpoint of heating, would be 
either a pure liquid- or a pure vapor-phase. If a mixed-phase is 
heated, it is necessary to avoid segregation of the liquid from the 
vapor. This may be accomplished in two ways: (1) by maintain¬ 
ing such a high velocity that the liquid is scoured from the 
heating walls or (2) by maintaining a pressure that is high enough 
to cause the density of the vapor to be about as large as tlio 
density of the liquid. Most of the hydrocarbons found in recycle' 
stock and pressure distillate have critical pressures that are less 
than 400 lb. per square inch, and hence these materials occupy a 
relatively small volume even though they are in the form of 
vapor. In other words, the density of the vapor that is produced 
at a pressure of 400 lb. is nearly as great as the density of the 
liquid, and hence little segregation occurs. 

Volume at Decomposition Conditions.—No single factor is of 
greater practical importance in cracking-plant design than the 
computation of volumes of liquids and vapors at cracking-zone 
conditions. Volume is directly related to time in the cracking 
zone and to the friction loss. 

Volumes may be computed with reasonable accuracy by the 
use of Figs. 35 and 41-43, but careful consideration must be given 
to the physical properties of the stock. For example, should the 
gravity of the recycle stock be assumed to be 15 A.P.I. whereas 
the actual value is 17 A.P.I., the results may be entirely mislead¬ 
ing. Small errors become very important, because the stocks are 
at or near their critical-points and a small misjudgment may 
shift the behavior of the material from that of a vapor to that of a 
liquid. 

In the computation of liquid volumes the data given in Fig. 43 
are not entirely adequate, because only stocks having an average 
characterization factor are shown. Estimates may be made, 
however, by constructing additional lines on Fig. 43, which pass 



322 


PETROLEUM REFINERY ENGINEERING 


through the known specific gravity at 60 °F. and the critical-point 
of the material. Even better, Eglofif and Nelson” present a 
reduced-temperature and -pressure chart of the density of liquids. 

The extent of vaporization may be estimated by drawing flash- 
vaporization curves of the stocks and correcting these curves for 
pressure by means of the vapor-pressures of the normal parafiin 
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hydrocarbons. liiformatioii about the distillation curves^^ of 
furnace feed-stocks shown in Fig. 98 is 


Curve 

A.P.I. 

1 

..__l 

Vapor¬ 

izer 

temper- 
atun*, 
deg. K. 

E.P. of 
pres¬ 
sure 

distil¬ 
late, 
deg. F. 

Re¬ 

cycle 

ratio 

Kind of 
distilla¬ 
tion 

Source 

1 

20 

745 

440 

2.4 

A.S.T.M. 

3 plant tests, author 

2 

19 

745 

445 

1.7 

A.S.T.M. 

2 plant tests, author 

3 

24,8 



3.0 

jA.S.T.M. 

Huntington and Brown 

4 

24.8 



3.0 

T.B.P. 

Huntington and Brown 


The Modern Cracking Process, Oil Ga^ «/., July 2, 1936, p, 34. 
” Huntington and Brown, Ind. Eng, Chem., 27, 699 (1935). 
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Three experimental measurements of density by Rude, Junkins, 
and Barnes®® were checked by the foregoing methods of calcula¬ 
tion \\ith complete success. 

Another factor that cannot be neglected is the volume increase 
(liquid volume at 60°F.) that occurs during the cracking reaction. 
Most cracking-stocks increase in volume by 20 to 25 per cent 
during cracking if the gas is considered to be liquefied (see 
Example 00). In the case of gaseous feed-stocks such as butane 
the increase in volume on a mol basis is even greater, amounting 
to about 100 per cent in some instances [see Eq. (01)]. 

In pressure-drop computations the viscosity at elevated tem¬ 
peratures is troublesome. The viscosities of liquids can be taken 
from the work of Egloff and Nelson®® and of gases from Fig. 49, 
hut for mixtures of liquids and vapors no truly satisfactory 
methods are available. In general it appears that the visco-^ity 
should be taken as nearer that of the liquid because the liquid 
will accumulate to some extent on the walls of the tube and 
because most of the friction occurs at the walls. 

Example 69. Volume of Cracking-stock.—The volume of the cracking- 
stock studied in Examples 57 and 58 will be cornput(id for an out let pressure 
of 4(X) lb. per sq. in. gage and a cracking zone temperature of 915°F. 

Basis: 100 gal. of reduced crude oil or 284 gal. of furnace charge. Refer to 
the tabulation of quantities and properties on page 324. 

Estimates of the true-boiling-point distillation curves and flash-vaporiza¬ 
tion curves of the furnace inlet and outlet stocks based on the proportions 
given in the tabulation are shown in Fig. 99. Note that 'pure recycle was 
used in drawing the furnace outlet material—and that the flash curves are 
leased on a 50 per cent boiling-point taken on a linear line between the 10 
and 70 per cent points and corrected for curvature. 

Inlet volume. 

The pressure at the inlet to the cracking zone of the pipestill will be about 
700 lb. per sq. in. gage, and the flash-vaporization curve on Fig. 99 is shown 
for this pressure. 

It may be assumed that the entire feed material is a liquid because the 
small part that may be vaporized will occupy almost the same volume as it 
W'ould if it were a liquid. 

Density of the furnace feed at 915°F. is approximately 0.515 (Fig. 43). 

2233 

Volume of furnace feed = x g^g i ” f^9.5 cu. ft. 

0.515 X 62.4 

Outlet volume. 

The 84 per cent of vaporized material consists of 8.6 per cent gas, 17.8 per 
cent pressure distillate, and 57.6 per cent recycle stock. 

**The Determination of Yield per Pass, Time . . . Density ... in 
Commercial Cracking Units, Ref, Nat, Oaso, Mfr.^ November, 1938, p. 683. 
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Fig. 99.—Distillation and flash-vaporization curves of furnace feed and furnace 
effluent stocks for Example 69. 


The properties of the 57.6 per cent of recycle stock are 
Characterization factor. 10.5 


Molal boiling point. 515°F. (approx.) 

A.P.1. 18.2 (Fig. 35) 


Molecular weight...., 
Critical temperature.. 

Critical pressure. 

Reduced temperature. 

Reduced pressure. 

Compressibility factor 


192 

912°F. (1372°R.) 
340 (Fig. 42) 
0.997 (or 1.0) 


1.22 

0.22 


Mols 


0.576 X 304.2 X 7.87 _ 1,380 
192 192 


Density of the 18 per cent liquid portion — approximately 0.68. 

r 79 X 1 X 10.7 X 1,375 

volume of gas - 32 X 4^5 —- “ 

_r .Ml . 342 X 0.88 X 10.7 X 1,375 

Volume of pressure distillate- 106 X 415 - * 100.6 


Volume of recycle 
Volume of liquid 


7.2 X 0.22 X 10.7 X 1,375 
415 

(1,640 - 1,380) + 172 _ 432 
0.68 X 62.4 42.5 


57.2 

10.2 


Volume of outlet stock * 255.5 cu. ft. 
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Cracking is nearly a linear function of time, and hence the average volume 
in the cracking zone is approximately 


69.6 + 255.5 

2 


162.5 cu. ft. 


This volume is 4.65 times larger than the liquid volume of the furnace charge- 
stock at 60‘’F. Thus, if the tube size is based on a cold oil velocity of 4 to 
5 ft. per sec. (60'’F.), the average velocity in the cracking zone would be 
about 21 ft. per sec. 

Example 60. Increase in Volume during Cracking.—Example 57 pro¬ 
vides data by which the volume increase can be computed. In this example 
the weight of fixed gas per 100 gal. of charging-stock was 79 lb. The 
density of cracked gas, if liquefied and measured at 60°F., would be approxi¬ 
mately 3 lb. per gal. 

The volume of fixed gas Giqnid) = = 26.3 gal. 

The total liquid yield measured at 60"" is 

Gal. 


Pressure distillate. 54 

Fuel oil (cracked)... 39.9 

Fixed gas. 26.3 


120.2 

Thus the charge increased by 20.2 per cent in volume during cracking. 

Although the gas cannot be liquefied at 60®F., it may be dissolved in the 
other parts of the furnace stock at high pressures, and hence the volume as 
computed above becomes valuable for computing the volume of the cracking- 
stock while it is in the furnace tubes. 






CHAPTER XVIII 

REBUILDING HYDROCARBONS 


The utilization of petroleum or of hydrocarbons as the raw 
stock for the manufactCire of chemicals is rapidly becoming a 
commercial fact. Of even greater significance, petroleum 
products are being remade into hydrocarbon mixtures whose 
properties are superior to the materials originally present in 
crude oil. These developments have been long delayed because 
of the relatively unreactive nature of most petroleum hydro¬ 
carbons and because until recently only a few hydrocarbons have 
b(^en isolated for study. To a large extent eacdi type of hydro¬ 
carbon behaves differently. Hence experimenters have not been 
able to judge just what part of the oil was being affected, and 
many reactions have occurred in experiments other than the 
particular reactions desired. Thus, no methods have yet been 
devised by which all hydrocarbons, as in an oil mixture, can be. 
n^arranged into a single hydrocarbon product or even into a 
single type of hydrocarbon. Some commercial success has, 
however, been attained in utilizing the olefin hydrocarbons that 
are found in cracked gases. These arc used for the manufacture 
of polymerized gasoline, alcohols, chlorinated products, and 
lacquer solvents, as well as small amounts of numerous other 
materials. An indication of the olefin content of cracked gases 
is given in Table 86, Chap. XXV. 

Although intense interest in hydrocarbon chemistry is evident 
and many valuable developments have been made since 1930, 
tis yet the study of hydrocarbon rebuilding has been centered on 
ascertaining what reactions can be accomplished rather than on 
details of operation, reaction rates, or engineering considerations. 
The use of numerous catalysts has also caused confusion in the 
correlation of engineering design data. All of these facts as well 
as the newness of the developments have made it impossible to 
present more than a bare introduction to the design of equipment 
for these processes. Some general data are presented in this 
chapter, and a few flow diagrams are presented in Chap. XXIV. 

327 
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The most important reaction of all, viz.^ decomposition or crack¬ 
ing, was discussed in Chap. XVII. 

Types of Reactions.—Among the many types of reactions are 
those referred to as decomposition, dehydrogenation, polymeriza¬ 
tion, alkylation, isomerization, hydrogenation, aromatization, 
and cyclization. The process of thermal decomposition, or 
cracking, occupies a position of primary importance because the 
process has been used so extensively and because the boiling- 
range of crude oil is so high that it must be reduced in order to 
meet the market demands for gasoline. 

Decomposition: 


CH3CH2CH2CH3 

n-b\itane 


CH4 

heat jnethane 


+ CHaCH.CHa 

propene 


At the present time and until more is known of the reactions of 
the more stable types of hydrocarbons, the process of dehydro¬ 
genation occupies a position of primary importance. Such a 
reaction is the special case of decomposition in which rupture 
of a carbon-hydrogen bond occurs. 

Dehydrogenation: 


CH3CH2CH2CH2CH3 CH 3 CH 2 CH 2 CH:CH 2 

n-pentane cutu^yTt pentene-1 


+ H, 

hydrogen 


Once the stable hydrocarbons such as the paraffin and naph¬ 
thenic hydrocarbons have been converted into reactive unsat- 
uratod hydrocarbons typified by the olefins, many chemical 
reactions or processes are possible. Dehydrogenation may 
occur during decomposition (see Chap. XVII, Figs, 94, 97). 
In a general processing scheme dehydrogenation is usually 
coupled with or followed by other processes such as polymeriza¬ 
tion or alkylation. Reactions that have been termed cyclization 
or aromatization may also be dehydrogenation reactions and may 
also involve decomposition, as indicated here: 

Aromatization: 


CHaCHiCHjCHaCHsCHaCH, 


H 




heat and 
chromium 
oxide 



+ 4H, 


n-heptane 


toluene hydrogen 
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Polymerization has also been an important reaction because it 
kas the first of the rebuilding reactions (except cracking) to 
^come of commercial importance. 

Polymerization: 

CHsCHiCHz + CHsCHaCH.CHa 


propene 


butene-1 catalyst 

CH, 

CH2:CHCH2CH2iHCH. 

4 methyl hexene-1 


Such reactions permit the manufacture of liquid gasoline from 
gases and in special instances the production of plastic or rubber¬ 
'll ke materials from liquids. 

Reactions by which molecules (other than olefins) are con¬ 
nected are termed alkylation —or specifically, propylation or 
ethylation if the alkyl radicals of propane or ethane are the 
reactants. The linking of a paraflGin and an olefin hydrocarbon 
is a common example: 

Alkylation: 

CHs 

- CH2:CH2 + CHsCHCHs CHsicHrCH, 

heat-presmire I 

or catalyst • 

rls LyXiB 

ethene t-butane 2,2 dimethylbutane 


Such a process holds an advantage over polymerization because 
only half as many olefin molecules are required. 

Isomerization reactions involve rearrangement of the molecular 
structure of a hydrocarbon, but nothing is added to or taken 
away from the material. 

Isomerization: 



H2 

cyclohexane methylcyclopentane 


Not many specific reactions of this type are available, but they 
probably occur along with other reactions such as cracking, 
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polymerization, and alkylation but cannot be recognized because 
of the other reactions and because of the difficulty in identifying 
the hydrocarbon products. 

The process of hydrogenation may be utilized in adding hydros- 
gen to iinsaturated hydrocarbons. It has not found wide appli¬ 
cation because most oils are already saturated with hydrogen to a 
sufficient degree. Nevertheless, it will find increasing applica¬ 
tion as the reactions listed above are applied more widely. 

Hydrogenation; 


CH3 CH3 

CHji •iHCH:CH2 + 

I 

CH, 

2,2,3 trimcthyl pen- hydro- 

ten (»-4 gen 


molybdic 


CH, CH, 

I I 

CH,C CHCHjCH, 
CH, 

2,2,3 trimethylpentane 


It has alrt^ady Ixh'ii used in connection with thermal decomposi¬ 
tion (cracking) as a means of adding hydrogen to the nvsidue of 
tar that is f)rodiic(Hi in cracking so that greater yields are possible. 
When used in this way it is referred to as destructive hydrogenation. 

Catalytic cracking probably involves several or most of the fore¬ 
going reactions - certainly decomposition, polymerization, alkyla¬ 
tion, and isomerization. All of these reactions take place at 
al)Out the same temperature, and the effect of a suitable catalyst 
is to lower tlie bunperature of all the n^actions. Any wholesale 
treatment of mixtures of hydrocarbons must employ operating 
conditions and catalysts that are a compromise between the 
conditions that are best for each of the many reactions taking 
place. 

When no catalyst is employed, the temperatures at which 
decomposition, dehydrogenation, alkylation, polj^merization, 
and isomerization take place are nearlj^ the same, or in the range’ 
of 800 to 11(X)®F. Even with catalysts, several of the reactions 
such as hydrogenation and dehydrogenation, and some isomeriza¬ 
tion reactions must be conducted in this same range of tem¬ 
perature in order to obtain commercial yields. 

In addition to the hydrocarbon-rearrangement reactions 
listed above, a large number of operations such as desulfurization, 
nitration, sulfonation, chlorination, and oxidation are being 
developed. 
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REACTION VELOCITY 

Little information about the rates of reaction for the various 
f^processes can be given because experimental data are lacking, 
land hence it is valuable to know the general kinetic relationships 
of various types of reactions. These reactions are not compli¬ 
cated for constant-volume reactions (nearly true for liquids), 
but they become cumbersome and nearly useless as a means 
of correlating data if the volume is not constant, as is the case for 
many gaseous reactions. Fortunately, most reactions are not 
conducted to completion, and hence at yields-per-pass of 25 or 
50 per cent the failure of the volume to remain constant does 
not introduce serious errors. In all the derivations that follow 
• the reaction is assumed to be taking place at a constant tem- 
j)erature. Perhaps the greatest usefulness of the following 
derivations is to point out the general mathematical forms to use 
in developing empirical formulae of the rate of reaction. 

Rates at Constant Volume. —For a unimolccular reaction of 
which pure decomposition is an example, the rate of reaction is 
directly dependent on the amount of reactant material that is 
l(*ft at any time during the reaction. 

' + -t- • • • 

The rate at which the concentration of A decreases with time is 
a constant function of the concentration designated as Ca: 

and if the initial concentration of A is designated as o, the amount 
of .4 that has reacted during a time t is designated as and {a — t) 
is the concentration of A after a time of t\ 

=p - 

and by integration 

When possible it is best to use the concentration in mols, but 
liquid volume or weight per cent can be used with fair accuracy 
(see Fig. 94) for first-order, or unimolecular, reactions. 
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Similarly for bimolecular (second-order) reactions at constant 
volume, pressure, and temperature 


and 


* * • 

~ = k,{a - x)ib - x) 


— 1 1 b{a — x) 

t(a — x) ^ a(b ~ x) 


m 


in which a and h are the initial concentrations of A and B in mols 
per unit volume and x is the number of mols of A and B that react 
with one another during a time t. In the special case in which 
A and B are present in stoichiometric proportions or if two mole¬ 
cules of the same material react with one another (polymeriza¬ 
tion), the second-order equation simplifies to 


2A-^D + E + • • • 
Tt = ~ 

and 

h - ^ ^ 

^ t a(a — x) 


(69) 


Note that pressure enters into the reaction velocity constant for 
gaseous reactions as an inverse function because the units of 
a, by and x are mols per unit volume (or density). 

The order of a reaction may be determined by inserting experi¬ 
mental data in the equations and noting which equation gives 
the most constant value of k, A discussion of other methods of 
determining reaction order and a discussion of the kinetics of 
higher order reactions are given in the “Chemical Engineers' 
Handbook."' 

Rates at Varying Conditions. —In most gaseous reactions the 
volume does not remain constant and modified equations are 
required. Note, however, that if the conversion-per-pass is 
low or the system is diluted with some unreactive material such 
as a recycle stock, the volume change may be so small that the 
reaction behaves essentially as a constant volume one. 

‘ Pbrrt, J. H., Editor in Chief, McGraw-Hill Book Company, Inc., New 
York, 1934. 
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In the case of a unimolecular reaction at a varying volume^ the 
lonstant is 

vV 1 

fci = In - (f - l)x (70) 


\\here V = volume of gas entering per second at contact condi¬ 
tions. 

= entire volume of reaction space. 

V = mols of product produced from 1 mol of reactant 
material. 

X = fraction of reactant material that undergoes reaction. 

The relationships for higher order reactions are extremelv 
|(■omI)llcated, and hence it has become common usage to employ 
jHlie so-called “space velocity’^ as a measure of reaction rate or 
(•apacit 3 \ The space velocity is defined as the ratio of the 
[volume of inlet material to the volume of the reaction space. 

‘ Thus, if no change in volume or temperature occurs during the 
reaction, the time of reaction is 


Time, sec. 


volume of feed p er sec. 
space velocity 


#Tf the volume or temperature (absolute) are assumed to vary 
according to a linear function, the time can be apjn-oximated by 
using the average of the inlet and outlet volumes rather than the 
volume of feed. 

In s,ystems in which the temperature varies, the rate can be 
described approximately by equations such as E(p (09) (page 
332), but the situation can usually be handled more accurately 
by means of a series of computations each of wliich embraces a 
short range of temperature. Each short range of temperature 
can Ix' handled at a weighted average temperature. 

Effect of Temperature on Rate.—The effect of temperature is to 
double the rate for a rise in temperature of about 10°C. The 
influence of t(‘mperature is, however, a function of the particular 
reaction, and at elevated temperatures a larger number of degrees 
is required to double the rate. The change in reaction velocity 
with temperature can usually be described by the Arrhenius 
equation: 

d\nk _ A 
dT RT^ 
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or for ranges in temperature through which A is constant: 

\nk = ^ + B ( 71 ) 

or 

-A 

k = 

where A = a characteristic constant ( — 53,500 cal. per g.-mol 
for gas oil) referred to as the ^‘energy of activation.’^ 
T == absolute teinix^ratun*, deg C. 

R = the gas law constant (1.987). 

B = a constant (about 28,8 for gas oil). 

A convenitMit way of correlating data is to plot the logarithm 
of the reac^tion velocity constant versus the reciprocal of absolute* 
temperature. This yields a substantially straight line (Fig. 94, 
page 306) having a slope of — A/2.303/?. 

THERMODYNAMICS OF REACTIONS 

Most of the hy(lrocaii>on-conversion processes are still in the 
development stages and this is particularly true of the higher 
molecular weight materials, which e'onstitute the bulk of petro¬ 
leum. Fe)r the‘sc reasons, it is of primary importance to be able^ 
to judge the? feasibility of prope>seel reactions or proce?ssos and to 
compute (or estimat(') otlier thermal factors such as the heat of 
reaction. The*se> factors can be evaluated by means of tliermo- 
dynamics, and in time it may be possible to develop processes 
by which whole serievs of hydrocarbons can be conve?rted into 
other series of liydrocarbons in a selective manner or by a number 
of cons(?cutive processes to convert one series of hydrocarbons 
after another, until the entire mixture is converted into a single 
type of material. 

Feasibility of a Reaction.—The possibility that a reaction may 
occur can be judged by means of the frt^ energy of the materials 
that are involved in the reaction. The free energ}^ change may 
be considered as a measure of the tendency of a reaction to occur. 
The standard frtx? energy change designated as AF"* may be 
defined as the free energy change of the reaction if each of the 
materials involved in the reaction is assumed to be at unit 
activity. Mathematically the free energy, mass-law equilibrium 
constant and thermodynamic constants are related by 
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AF® = -RT In F: = AZr ~ TAS (72) 


hrhere AF® = standard free energy change of reaction. 

AH = heat of reaction (exothermic is negative). 

AS = entropy change of reaction. 

T = absolute temperature. 

K == equilibrium constant. 

R == gas constant = 1.987 cal. per mol-deg. 

If the value of AF® is found to be negative, the value of K will be 
relatively large and the yield will also be large when and if 
equilibrium is established. As AF® approaches zero or becomes 
positive, the value of K and of the yield at equilibrium becomes 
smaller and smaller. If AF® is negative, the reaction is a promis¬ 
ing one; if AF® is zero, the usefulness of the reaction is doubtful 
but may justify further study; but if the value of AF® is greater 
than 10,000, in most instances such a process would not be 
feasible. It will also be noted that temperature exerts an 
important influence on the value of AF®, and hence the foregoing 
situations may be altered by the use of another temperature. 

No idea of the rate at which the reaction will occur is possible 
from a consideration of free energies, and hence many of the 
reactions that are found to be thermodynamically feasible do not 
occur at a practical rate or they may require the use of catalysts or 
an activating influence in order to cause the reaction to attain 
equilibrium within a reasonable length of time. Nevertheless, 
the examination of a process or reaction by these thermodynamic 
methods will indicate the feasibility of the reaction and thus 
save time and energy in studying reactions experimentally that 
hold little promise of success. 

The mass-law equilibrium constant of a reaction is designated 
as 



in which a is the activity. At moderate pressures, however, the 
activity of a gas is approximately equal to its partial-pressure in 
atmospheres or to mol percentage, so that 

= V^D • • • 

P5Pb • • • 
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Table 48.—Free Energies op Formation op Hydrocarbons* 
Cal. per g.-mol 


Substanee 

For¬ 

mula 

Ai?/ (heat 
of forma¬ 
tion, 
298“K.) 

AF* at 298*K. 

AF* at 600"K. 

AF® at 1000*K. 

Methane. 

CH* 

-17,866 

-12,300(-12,085) 

-8.0.'>0(-8,050) 

3,450(3.450) 


C 2 H 2 

.58,228 

50 0.34) 

48,100(47,160) 

41,300(40,850) 

Ethylene. 

CjH4 

12,556 

15,820(16,279) 

181.520(18,830) 

27,670(26,700) 

Ethane. 

C 2 H, 

-20,191 

- 8,260(-7.787) 

1,960(-50) 

26,790(24,190) 

Propeue. 

CaH« 

4.956 

14,820(14,730) 

22,510(20,9.30) 

43,380(40,340} 

Propane. 

CsHh 

-24,760 

- 6,220(-6,560) 

7.640(5,640) 

45,200(41,300) 

Bttl^ienc 1-.1. 


26.865 

(33.960) 

(40,000) 

(80,000) 

Isobutene. 

(:4Hk 

- 3,205 

14,240(14,440) 

26,970(25,500) 

62,780(68.720) 

Butene-1. 

CiH* 

383 

16,780(16,810) 

29,440(27.000) 

62,960(58,230) 


CJL 

- 1,388 

14,860(15,570) 

27,440(26,290) 

60.800(58,590) 

BuUme-2 (trans).. 

C4Hh 

- 2,338 

14,450(14,800) 

27,390(2.5,640) 

61,660(68,240) 

Isobutane. 

(%Hio 

-31,350 

- 4.900(-4.160) 

14,670(11,440) 

67,350(60,680) 

n-Butanc. 

C 4 H 10 

-29,715 

- 5.000{-3,630) 

13.500(11,070) 

63,170(58.300) 

Pentadicnc 1-4. 

C,.Hh 

25.565 

40,220 

67,000 


Pentcne-1. 

CivHio 

- 4.644 

17.800 

36,000 

80,000 



-36.671 

— 4,230(—3,190) 

19,850 

85,300 

ri-P"cntane. 

(\Hi2 

-34,739 

- 2,670(-l,620) 

21,040 

85,670 

Tetramethyl-methane. 

(MU 

-39,410 

- 4.500(-3,310) 

21,180(17,760) 

90,950(84,020) 


CflUfi 


30,640 

38,700 

59,600 

C^clohexene. 



191400 

32.100 




19,200 

42,000 

99.100 


Cr,Hi 2 


8,030 

34 [600 

103,500 

Nfethylcyclopentane. 

C«Hj 2 


SJOO 

21,600 

2-Methylpeiitanc. 

raij4 

- 41,806 

(- 1 , 000 ) 



n-Hexaae. 

CfiHu 

-40,010 

- 1,600(80) 

28.000 

103,000 

2 , 2 -Dimothylbutanc. 

CflHi4 

-44,400 

(-2,300) 



Toluene . 

CiHh 

] 

28,400 

41,200 

74,200 

Heptene -1 . 

(WX4 


20,720 

48,720 

118,400 

Ethylcyclopcntanc. 

C;7Hi4 


8.000 

Methylcyclohexanc. 

CtH|4 


4 280(1) 



2-Methylhexam;. 

OHw 

- 47,106 

- 1,300(600) 

.35,700 


S-Methylhexanc. 

C 7 H 16 


- 930 

36,350 


3-Ethylpentanc. 

(Mlja 


- 130 

37,0.50 


2,2-Dmicthylpt'ntane. 

CtHw 

-49,800 

- 130(-300) 

.38,300 


2,3-Dimethylpontane. 

CtHjb 


- 430 

37.100 


2i4-Dimethyl-pentunc. 

CtHw 


370 

38,500 


33‘Dimethylpentane. 

C7H.4 


- 730 

37,300 


2t2.3-Trimethylbiitaue. 

CtHic 


870 

40,000 


n-Heptane. 

CtHw 

-46,350 

190(1,750) 

35,000 

122,500 

Ethylbensene. 

CkHio 


28,090(1) 



m-Xvlene. 

(\Hio 


29,660 

47,300 

92,800 

Diisobubme (low B.P.). 

C’nHw 


21,530 

56,090 

146,700 

Diisobutene (high B.P.). 

CJIir. 


22,260 

58,450 

150,200 

2,2.4-Trimcthylpcntane. 


-56,200 

1,570(700) 

46.000 


n-Cictane .. . 

CnHis 

-50,700 

1,520(3,400) 

40,000 ' 

141,600 

n-Nonane. 

CkHto 


2,280(1) 



n-Decane. . 

C 10 H 17 


3,490(1) 



2-Methylnonane. 

CioHis 


2,000(1) 



Decylon»‘-2. 



24,100(1) 



n-Butylcy ctohexanc. 

c1Ih» 


7,000(1) 



n-Butylbensene. 

CioHu 


29,670(1) 



Naphwalone. 

Undecane. 

CwH* 

CuHs4 


47,430(8)50,400 

4,310(1) 

62,000 

03,600 

Dodfcane . 



6,530(1) 



n-Heptylcyclohexane. 

CiaH» 


9,530(1) 



Anthracene. 

CuHw 


1 64,190(8)72,400 

89,200 

135,000 

Bexadecane. 

ClftH44 


10,710(1) 


Dotriacontane. 

CssHk 


31,300(1) 




♦The free encrfriee are for gases except when followed by G) and (S). which draignate liquids and sdids. 
Parentheses around the numbers indicate that they were determined by statistical mechanics and were taken 
from Reference 6. 
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Approximate values of the activities or corrected partial pressures 
of gases at elevated temperatures and pressures are given by 
Hougen and Watson.^ 

Values of Free Energy. —From Eq. (72) it appears that AF® can 
be determined in three general ways, i,e., from entropies and 
heats of reaction, from equilibrium data, or from correlations 
of the free energy values of materials that have already been 
examined experimentally. Only the last method is of much value 
for the purpose of investigating the feasibility of a reaction, 
although in some instances it may be possible to compute 
approximate free energies by computing AS and AH. 

Not many values of free energy are available at the present 
time, but several generalizations®*^ have been developed. 

For n paraffin hydrocarbons:® 

AFl = 10,550 - 5,890n + 25.2nT - 2.2T 
For olefin-1 hydrocarbons:® 

AF° = 20,321 - 5,835n + 24.52nF - 33.26F 
For simple naphthene hydrocarbons:'* 

AFr = 10,375 - 8,633n + 26.09n!r - 15.9F 
For acetylene hydrocarbons:^ 

AF? = 70.425 - 8,633n + 2f).09nF - ()7.5F 

A somewhat more useful type of approach*^ involves the use of 
the free energy change required to produce various bondages 
(even branch-chain) such as those given in Eqs. (74a)--(74f/). 
In all of these equations n refers to the number of carbon atoms 
and T to the temperature in ®K. 

C—H bonds.® 

AF% = -3,344.5 + 2.97!r In F - 0.0023^® + 0.000000188F® 

- 13.68F (74a) 

* “Industrial Chemical Calculations," John Wiley & Sons, Inc., New York, 
1936. 

* Thomas, Eglofp, and Morrell, Thermodynamics in Hydrocarbon 
Research, Ind, Eng. Chem., 29, 1260 (1937). 

* Francis and Kleinschmidt, Application of Thermodynamics to Chem¬ 
ical Reactions of Petroleum Products, Proc. A.P.I., December Meeting, 
1929. 

* Bruins and Czarnecki, Relation between Structure and Free Energy of 
Organic Molecules, Ind. Eng. Chem.j 33, 201 (1941). 
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C—C bonds.® 

Afr = 4.437 + 0.421 r \n T + 0.0017T^ - 0.00000062^® 

+ 9.53r (746) 

C=C bonds.® 

AF; == 28,024 + 2.73T In T - 0.0014^2 _ o.OOOOOOSOT® 

- 24.86r (74c) 

C— CHs bonds.® 

AF? = *-7,624 + 10.427 In T - 0.005772 ~ 0.000000157® 

-36.127 (74c0 

Values for particular hydrocarbons are given in Table 48,®'®'^ 
which includes many estimated values but which appears to be the 
best data that are now available. More data on the effect of 
branch chains and ring attachments are badly needed. 

In using free energies for examining the feasibility of a reaction, 
the free energies of the n^actants are subtracted algebraically from 
the free energies of the products of the reaction as in Example 61. 

Example 61. Feasibility of a Reaction.—The possibility of making 
2,2-dimcthylpentane from propciie and isobutane will be investigated. 

CH, 


CHa CH:CH, + CHa CH-CHs CHa-C CHa CHa CH 


From Table 48: 

C.Ha(g) 

iCJlioCg) 

CtHu 

For the entire reaction: 


CH, CH, 

. 14,820 22,510 

- 4,900 14,670 

- 130 38,300 


AF“,98 = -130 - 14,820 - (- 4,900) « -10,050 
AF%oo « 38,300 - 22,510 - 14,670 « 1,120 

Thus, the preceding reaction appears to be possible at temperatures of 
25 to 227®C. but may require the use of a catalyst. The reaction should 
proceed more completely at low temperatures (free energy is negative), but 
the rate may be so slow that higher temperatures may be necessary. The 

• PrrzER, K. S., Chemical Equilibria, Free Energies and Heat Contents for 
Gaseous Hydrocarbons, Symposium on Fundamental Chemical Thermo¬ 
dynamics, A.C.S., Cincinnati Meeting, April, 1940. 

^ Parks, G. S., Some Free Energy Data for Typical Hydrocarbons ...» 
Symposium on Fundamental Chemical Thermodynamics, A.C.S., Cincin¬ 
nati Meeting, April, 1940. 
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application of pressure should assist the reaction because it is a bimolecular 
one. 

The numerical values of K are useful in deciding upon a suitable temper¬ 


ature: 


In^m 


-10,050 

■^RT 


-10,050 
-1.987 X 298 


17 


Ktw is very large, or the yield approaches 100 per cent. 

1,120 


In K fioo 

XfcOO = 


-1.987 X 500 


= -1.128 
= 0.3236 


(C,H«)(iC4Hio) 

Solving for percentage of CtHi® after establishing equilibrium, 

A -hB 


Let X — mols of C (or CvHi*) in reaction products per mol A introduced 
Mols A - 1 — z = mols B 
At equilibrium: 


0.3236 

X 


X 

(1 - xy 

0.2045 mols 


Percentage of C 7 H 16 in products: 

Total mols after reaction = ( 1 — x) + (l — a;)-fx =2 — x 

^ , 0.2045 X 100 ,, , . „ 

Percentage = ~ C tHu 


This is not an economical yield in most instances. 

Values at other temperatures may be estimated by assuming that is 
a linear function of temperature; i.e., AF° = aT -f h. The constants a and b 
in such an equation may be evaluated thus: 
at 298° 


at 500° 
subtracting 


and 


-10,050 = 298a -f b 

1,120 = 500o +6 

-11,170 = -202a 

a = 55.3 and b *= —26,530 

AF° * 55.3T - 26,530 


If in this instance a yield of 30 per cent is feasible by practicing recyclir|g, 
the temperature at which the process can operate can be estimated as follows: 
Mols of CtHi® produced when 1 mol of A is processed: 

on * 100^ 

30 per cent = s- 

x « 0.4615 mols of CrHi« 

0.4615 

Equilibrium constant « K « ([ ' ~q 4 ^^ ^ “ 1.596 
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Also 


and 


In/C « 0.46749 


_ 55.3r - 26,530 
-RT - 1.987r 


T = 47r abs. or 198°C. 


Thus it would appear that the alkylation of propene by isobutane is 
thermodynamically possible in the temperature range of about 200°C. and 
lower. The ultimate yield at 200°C. is not large; but since the rate or 
velocity of the reaction increases rapidly with temperature, it will probably 
be best to operate at as high a temperature as possible. Should the rate be 
too slow at 200®C., a catalyst must be found. 

P>om a purely thermodynamic standpoint it might also be possible to 
make 2,3-dimethylpentane, 2,4~dimethylpentane, 3,3-dimethylpentane, or 
even 2,2,3-triinethylbutane from propene and isobutane. The values of the 
free energies for these reactions (computed in the same manner) are 




AE®500 

2,3-I)iincthylpentanc. 

-10,350 

-80 

3,3-l)imethylpcntaiic. 

-10,650 

120 

2 ,2-l)inicthvlpcntane. 

-10,050 

1,120 

2,4-Dimcthvlpcntane. 

- 9,550 

1,320 

2,2,3-Trimcthylbutanc. 

- 9,050 

2,820 


Thus it appears that several reactions might take place simultaneously 
but that the amounts of each of the isomers (at 5(X)®K.) would be somewhat 
in the decreasing order show’u in the foregoing tabulation. Even this does 
not include all of the thermodynamic possibilities, because there are many 
other isomeric seven-carbon-atoin hydrocarbons. 

When data on are not available, they can be computed by 
means of the A// and T\S terms in P]q. (72). The heat of reac¬ 
tion, or A//, may be computed from heats of combustion (or 
formation) as discussed later, but the entropy change designated 
by A/S presents more difficulty. In a practical way the absolute, 
entropy designated as S cons'sts of the sum of all heat energy 
inputs involved in heating from absolute zero temperature, each 
energy quantity being divided by the absolute temperature at 
which the energy is added. All inputs of energy such as those 
involved in changes of crystalline state at low temperatures, 
energy or heat of fusion, and heat of vaporization must be 
included, as well as the sensible heats of the solid, liquid, and 
apior. It is usually necessary to approximate the sensible heat 
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at low temperatures (ujear absolute zero) by extrapolation and 
to hope that no changes in the crystalline state of the material 
are involved in this temperature range. Such computations are 
discussed in chemical thermodynamics texts and particularly 
by Parks and Huffman.® 

Heat of Reaction.—The heat of reaction may be computed by 
dekirmining the algebraic sum of the heats of combustion (or 
formation) of the materials before and after the reaction as in 
; Example 55 (page 298). If the products contain more chemical 
energy than the reactants, the reaction is endothermic and vice 
versa. Data for heats of combustion (or formation) may be 
obtained from handbooks, from ‘^Physical Constants of the 
Principal Hydrocarbons,^^® or from the numerous papers by 
Rossini and others that are listed at the end of this chapter. 
Typical heats of reaction are given for particular reactions in 
the remaining parts of this chapter. 

TYPICAL HYDROCARBON PROCESSES 

Unfortunately most of the hydrocarbon-conversion processes 
are still undergoing development, and hence not much engineer¬ 
ing d(\sign data are available. In many instances the relative 
importance of the various proposed processes is not clear, nor 
have all workers been equally free in disclosing information. 
At this stage it is even impossible to generalize as to the types of 
catalysts that should be used for various processes. Somewhat 
more specific information about plant arrangements is given in 
Chap. XXIV. 

Polymerization. —This reaction occurs in several ways, z.c., 
as bimolecular or polymolecular reactions or as successive reac¬ 
tions that produce dimer, trimer, and polymer products: 

2C2H4 C4H8 
3C2H4 CeHiz 
C4H8 + C6Hi2-^CioH20 

Russell and HotteU® conclude that the polymerization of ethylene 
in the early stages is bimolecular but that some third-order com- 

**^Free Energies of Some Organic Compounds,” Reinhold Publishing 
Corporation, New York, 1932; also R. H. Ewell, Ind, Eng. Chem., 82, 778 
(1940). 

® Technical and Research Division of the Texas Company, 1939. 

Rate of Ethylene Polymerization, Ind. Eng. Chem.f 80, 183 (1938). 
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binations also take plaee. Egloff“ has examined polymer gaso¬ 
line to determine the aze of molecule that is produced: 


No. of Carbon Atoms 
3-4 

5 

6 

7 

8 
9 

10 

11 

11 plus 
Loss 


Per Cent 
0 

1.7 

5.6 

48.1 

15.2 
0 

0 

0 

12.3 (some lighter hydrocarbons) 
17.1 (sudden leak) 


Rate of reaction was correlated as shown in 

Fig. 100 for ethene, propenc, and the butenes. It is more 
convenient to use percentage rather than concentration as the 
unit of a and x in Fa\. (t)9), and hence a pressure term was intro¬ 
duced into the correlation as shown in Eq. (75). The pressures 
employed by these experimenters ranged from atmospheric to 
over 3,000 lb. per square inch absolute. No catalysts were 
intentionally used by these experimenters, but some catalytic 
action may have been produced by the vessel walls. The reac¬ 
tion velocity constant divided by pressure, shown in Fig. 100, is 
related to time and yield as follows: 


^2 ^ 1 X 

P iP a(l — x) 


(75) 


where K 2 /P = reaction velocity constant divided by pressure 
(read from Fig. 100). 
t = time, min. 

P = pressure, lb. per sq. in. abs. 

X = fraction of olefins reacting in time t. 
a = fraction of olefins contained in feed-stock. 

No such simple relationship is apparent when catalysts are 
used. Apparently the condition of the catalyst, the intimacy of 
contact between the gas and catalyst, and secondary effects of 


Eolofp, G., Polymerization a Major Factor in Tomorrow's Super 
Fuels, Nat. Petroleum News, Oct. 14, 1936, p. 30. 

** Sullivan, Ruthrupf, and Kubntzbl, Ind. Eng. Chem.y 27 ,1072 (1935). 
Dunstan, Haoub, and Wheeler, Ind. Eng. Chem., 26 , 307 (1934). 
Wheeler and Wood, J. Chem. Soc., p. 1819 (1930). 

“ Frolich and Wibzevich, Ind. Eng. Chem., 27 , 1055 (1935). 
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temperature such as the formation of resins or coke on the 
catalyst all confuse the mechanism of catalytic polymerization. 
Rate of reaction, however, is not extremely important because 
the percentage conversion is usually high if enough catalyst is 



used to permit long operating runs and Ix^tauso tlie reaction 
temperature may be adjusted upward as the; catalyst becomes 
spent. In the case of th(» solid phosphoric acid catalyst of the 
Universal Oil Products Company, the effect^® of catalyst tem¬ 
perature on olefin conversion is 

Shanley, and Egloff, Midget Polymerization and Midget Isooittanc 
Units, Ref. Nat. Gam. Mfr., June, 1939, p. 227. 
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Average Catalyst 
Temperature, Deg. F. 
406 
415 
421 
423 

428 

429 
445 
452 


Olefin Conversion, 
Per Cent 

76.5 
82.0 

80.5 
84.4 
88.3 
90.0 
92.8 
95.0 


Orthophosphoric acid is one of the most active polymerization 
catalysts. It tends to lose water and form inactive metaphos- 
phoric acid at temperatures above about 450°F. Vaporization 
of water ma}^ be sui)pressed somewhat by the use of 2 to 10 per 
cent steam in the olefin feed-stock, but larger amounts will cause 
the formation of alf^ohols. Solid forms of phosphoric acid 
catalysts*^ may consist of admixtures of kieselguhr, starch, 
magni^sia, alumina, zinc chloride, zinc oxide, etc., calcined at 
180 to 250°C. The solid catalyst may be regenerated by passing 
a carefully controlled stream of diluted air through the material 
at temperatures a})proaching 650®F. followed by steaming. Hot 
spots will cause acid loss by volatilization. In recent plants as 
much as 70 gal. of polymer gasoline have been produced per 
pound of catal^^st befon? regeneration is necessary. 

Sulfuric acid is also used for polymerization.^® Acid of 65 to 
70 per cent strength is contacted with the liquid hydrocarbons 
at about 170°F. The acid is recycled in proportions of 1.5 parts 
of acid to 1 of oil. The acid is not destroyed in months of opera¬ 
tion, and only a small amount of make-up acid to care for 
mechanical losses is necessary. 

The heat of reaction (exothermic) for polymerization is about 
40,000 B.t.u. i)er pouiid-mol for each union of two molecules. 
This figure appi'ars to be a constant regardless of the types of 
molecules that combine. 

Dehydrogenation. —The equilibrium established between a 
paraffin hydrocarbon and the hydrogen and olefin produced 

Nash and Howes, “Principles of Motor Fuel Preparation and Applica¬ 
tion,** 2d ed., Vol. I, p. 438, John Wiley & Sons, Inc., New York, 1938. 

McAllister, S. H., The Catalytic Polymerization of Butylenes by 
Sulfuric Acid, Ref. Nat. Gaso. Mfr.^ November, 1937, p. 493. 
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from it by dehj'drogenation have been studied extensivelj'.‘* 
The percentage of dehydrogenation that takes place at various 
temperatures is given in Table 49. 

Table 49.—Percentage Completion op Dehydrogenation Reaction 

AT Equilibrium 


"femperature, 
deg. C. 

Ethane 

Propane 

n-Butane 

t-Butane 

427 

1.6 

6.4 

11.0 

12.2 

500 

5.4 

18.6 

29.2 

31.9 

600 

19.5 

53.6 

69.8 

72.1 

727 

57.5 

g9.8 

95.2 

95.2 


Note that a dehydrogenation of 95 per eont as shown for 727°C. 
does not mean an olefin yield of 95 per cent. According to the 
dehydrogenation reaction the analysis of the product gas would 
be 5 per cent unreacted paraffin hydrocarbon and 47.5 per cent 
each of the olefin and the hydrogen gases. 

Catalytic methods of dehydrogenation are receiving attention 
becau.se of the extremely high temperatures and pressures 
required for the thermal process (see Fig. *94). C/atalysts that 
have been employed are the oxides of aluminum, chromium, 
copper, barium, and molybdenum, and orthophosphoric acid. 
Alumina prepared by calcining specially crystalliz(*d alumina 
trihydrate is u.sed at 600 to 650°C. for propane or isobutane. 
Chromium oxide in the form of its active gel is highly selective 
in its action but is destroyed by temperatures exceeding 500°C. 
If alumina is used as the carrier for 10 to 20 per cent chromium 
oxide, the dehydrogenation reaction proceeds at even 50 to 70°C. 
but the life of the catalyst is short. Both the activatcul alumina 
and the alumina-chrome catalysts may be regenerated by careful 
oxidation of the impurities in a stream of air (diluUid with nitro¬ 
gen) for as many as 200 regenerations. The life of the catalyst 
is greatly improved by introducing small amounts of water 
vapor. For the dehydrogenation of isobutane using alumina, 
, Frey and Huppke, Ind. Eng. Chem., 25 , 54 (1933); Kassel, L. S., 
J. Chem. Phys., 4 , 276, 438 (1936); and Pitzer, K. S., J. Chem. Phya.^ 5 , 
473 (1937). 

Williams, E. C., Dehydrogenation in Petroleum Industry, Am. Chem. 
Soc., Baltimore Meeting, April, 1939. 
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0.1 mol per cent of water vapor is the optimum. Iron, cobalt, 
nickel, and some other metals promote the formation of carbon 
and hydrogen at temperatures of 300 to 700®C., but these metals 
are being used in commercial cracking equipment, etc., without ^ 
(lausing destnictive decomposition. Perhaps the failure of these 
metals to cause difficulty results from the formation of a protec¬ 
tive film of sulfide or carbon. 

Grosser, M()it(‘ 11, and Mavity^^ report the successful dehydro¬ 
genation of ol(;fiii hydrocarbons into diolefin hydrocarbons. 
Such hydrocarbons may become useful in producing synthetic 
rub be r 1 i k e m a t( ‘ r i li.l s. 

When using cliromium oxide supported on alumina, Grosse 
and Ipati(dT““ find that a conversion of 90 to 95 per cent paraffin 
hydnxairbons into olefins can be acaximplished at 500 to 600 
deg. C. Nearly pure hydrogen gas is the waste gas. The rate 
is v(‘ry much faster than liy thermal dehydrogenation. The 
rate of nxiction"’'’ is sonunvhat as shown in Table 50 when operat¬ 
ing at 1 atm. firessun*. 

'Fahi.e 50. -Rate of Dehydroc.knation 
t-RutMue*'* 


rv 

lom- : 
pora- j 
ture, 
deg. C. 

Per(Mui(ag(‘ deliydrogenation for these .space velocities (volume 
j of /-butane per hr. i)er volume of catalyst space) 

100 400 1,000 

i 

4,000 ! 

1 

10,000 

40,000 

100,000 

500 

j 

20 i u r . o 

1 




5.50 

j -12.0 28.5 

10 

4.5 



600 

! _ i 65.0 

40 

21 .0 

6..0 

2.5 

650 

1 

79 

60.0 

25.0 

12.0 

675 . 

. 


! 80.0 

43.0 

1 _ 

23.0 


The dehydrogenation of the paraffin hydrocarbons may be , 
(tarried far enough to ])r()duce aromatic hydrocarbons*^'^ bj^ the 

CHtJilytic Dt'hydrogoTiation of Moiioolefins to Diolcfins, Ind. Eng. 
Chem., 32 ,' 309 (1940). 

Catalytic Deliyilrogeiiation of Gaseous Paraffins, Ind. Eng. Chevi.j 82 , 
268 (1940). 

** Grosse, Ipatieff, Koloff, aiul Morrell, Catalytic Dehydrogenation 
Process, Oil Gas J., Nov. 23, 1939, p. 53. 

** Grosse, Morrell and Mattox, Catalytic Cyclization of Aliphatic 
Hydrocarbons to Aromatics, Ind. Eng. Cheni., 32 , 528 (1940). 
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use of chromium trioxide, molybdenum oxides, and vanadium 
oxides supported on activated alumina at 550°C. Yields of 90 
fXT cent toluene from heptane are claimed by recycling operations. 
Such processes may provide, an abundant supply of aromatics (or 
cvcloparaffins) for the manufacture of explosives, dyes, medi¬ 
cines, and innumerable aromatic products. 

Destructive Hydrogenation. —The liydrogenatioii of animal 
and vegetable oils at relatively low pressures by the use of acti¬ 
vated nickel, platinum, or palladium catalysts involves the 
direct union of hydrogen. In the case of mineral oils or coal, 
it is also usually advisable to decompose oj* cra(*k the oil to some 
extent as well as to hydrogenate, in order to make lower boiling 
products (gasoline) or to rebuild the sti’ii(*ture of th(^ molecule. 
Thus, cracking temperatures (800 to 950°F.) and high pressures 
(3,000 lb. up) are employed, and special catalysts that are not 
{>oisoned by sulfur are n(‘cessary. 

A common method of producing hydrogcui is by th(' r(%aetion of 
steam and methane to give hydrog(‘n and carbon monoxide. 
Newman and Jacob^^ find the (‘(piilil)rium to l)e as follows: 


log K = log 


ifA'o X 7^1? 2 
PcilA X PlUO 


-10,300 

~ f ^ 


-f 4.87 log 


r 


-h O.OOOOOOT - 0.000000081 T2 3 04 


In order to obtain good yields at temi)e rain res below 1000°C^, 
catalysts are necessary. Nickel or (*obalt catalysts promot'd by 
alumina*® and supported on some refraetojy such as fire clay 
or magnesia brick arc good catalysts, but tlu*y are somewhat 
sensitive to hydrogen sulfide. 

The destructive hydrogenation of (jrude petroleum stocks as 
referred to above permits the production of products that have 
almost any desirable properties such as high octane number, 
high Viscosity Index, or high solvenc,y-power naphthas, but the 
process is so expensive that it cannot be widely used at the 
present time. The real usefulness of hydrogenation at our 
present stage of development is as an adjunct to other processes 

Elektrochem.j 30, 557 (1924). 

** Fischer and Tropsch, Brennatoff-Chem., 9 , 39 (1928); Marek and 
Hahn, “Catalytic Oxidation of Or|?anic Compounds in the Vapor Phase," 
p. 27, Chemical Catalog Company, Inc., New York, 1932; and Hawk, 
Golden, Storch, and Fieldner, Ind. Eng. Chem.^ 24 , 23 (1932). 



348 


PETROLEUM REFINERY ENGINEERING 


such as polymerization. As an example, one method of produc¬ 
ing high-octane fuels is by catalytic dehydrogenation of gaseous 
paraffin hydrocarbons into olefins, polymerization of the olefins 
into hydrocarbons of the gasoline range, followed by catalytic 
hydrogenation to produce a stable final product. For such 
operations the activated nickel catalyst^^ mentioned above can be 
used because sulfur can be removed from the incoming gases. 
Such a catalyst"^ may be prepared by impregnating porcelain 
with hydrated nickel nitrate. The nitrate is then converted 
into thfj oxide by lieating and reduced in a stream of hydrogen 
to elemental nickel. It must be kept in an atmosphere of 
hydrogcm when not in service. If stocks that contain sulfur 
must b(^ handled, recourse must be had to such catalysts as 
molybdic trioxide, molybdic a(dd, or chromium oxides sup¬ 
ported on charcoal or pumice.^^ Catalysts of this nature are 
said to be used in the destructive hydrogenation of crude petro¬ 
leum stoc^ks. 

The hydrogenation reactions are highly exothermic. The 
heats of reaction for hexene to hexane and benzene to cyclohexane 
are 644 B.t.u. and 1360 B.t.u. p(‘r pound of feed-stock, and 
similar values can be computed from heats of combustion or 
formation. 

Alkylation. —The direct union of olefin and paraffin hydro- 
(•arbons l)y the process rt'ferred to as alkylation is favored by high 
|)ressures and low temperatures. However, in order to accom¬ 
plish the rea(;tion without catalysts a temperature of about 
1)00 to 975°F. is required.-® Polymerization occurs actively 
at this tem[)('rature, and hence the concentration of olefins must 
be k(*pt low. Thermal alkylation is conducted at 3,500 to 8,000 
lb. per scpiare incli, whereas by means of catalysts such as boron 
fluoride,aluminum chloride,®^ or the double halides of alkali 

^ Anon., Catalytic Hydrogenation of Octenes to Octanes, Oil Gas 
May 26, 1938, p. 50. 

*** Nash and Howes, Principles of Motor Fuel Preparation and Applica¬ 
tion, 2d ed., Vol. I, p. 337, John Wiley & Sons, Inc., New York, 1938. 

Oberfell and Frey, Thermal Alkylation and Neohexane, Oil Gas /., 
Nov. 23, 1939, p. 50. 

Egloff and Morrell, Alkylation of Hj^drocarbons, Symposium on 
Role of Catalysts . . . , Am. Chem. Soc., Baltimore Meeting, April, 1939. 

Ipatieff, Grosse, Pines, and Komarewsky, J. Am. Chem. Soc., 68, 
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metals with aluminum*^ pressures less than 1,000 lb. per square 
inch and temperatures ranging from 450°F. down to below zero 
may be employed. Sulfuric acid is widely used as a catalj^st in 
commercial installations.^® The process operates at 30 to 50°r. 
for butenes and at substantially atmospheric pressure. The acid 
consumption is higher for reactions involving propene, and 
hence this reaction awaits further study. The olefin content 
of the feed is usually kept at 20 to 40 per cent, and the ratio of 
acid to hydrocarbon is about 1 to 1. The strength of the make-up 
acid is 98 per cent, but it becomes diluted during use. A contact 
time of 5 min. appears to be sufficient, but commercial equipment 
is built for 20 to 40 min. 

The acid alkylation process works most successfully on the 
higher molecular weight olefins (such as the butenes), whereas 
thermal alkylation attacks ethene most readily. Acid alkylation 
is limited to the isoparaffin hydrocarbons (isobutane and iso¬ 
pentane), but the thermal process handles either the iso or the 
normal compounds. 

Isomerization. —^An enormous number of isomerization reac¬ 
tions have been reported,®^ but most of them have not been 
studied quantitatively. An example is the reaction of butene-1 
and -2 into isobutene in the presence of a phosphoric acid 
catalyst. The equilibrium constants®® for this reaction are 
given by the following equation: 


, _ 1 _( isob utene)_ _ 

p og (butene-1) + (butene-2) 
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f~ 


- 0.528 


Another example is the work of Glasebrook and Lovell®® on the 
equilibrium between cyclohexane and mcthylcyclopentanc in the 

Bujnck and Carmody, Catalytic Alkylation of Isobutane with Gaseous 
Olefins, Ind. Eng. Chem., 32, 328 (1940). 

Birch, Dunstan, Fidler, Pim, and Tait, Condcuisation of Olefins with 
Isoparaffins in Sulfuric Acid, Oil Gas J.j June 23, 1938, p. 49; also Oil Gas 
Kov. 17, 1939, p. 104. 

^ Egloff, Komarewsky, and Hulla, Hydrocarbons and Their Isomeriza¬ 
tion, Symposium on the Role of Catalysts . . . , Am. Chem. Soc., Baltimore 
Meeting, April, 1939. 

** Serebriakova and Frost, J. Gen. Chem. (U.S.S.R.), 7, 122 (1937), 

^ The Isomerization of Cyclohexane and Methylcyclopentane, J. Am. 
Chem. Soe., 61, 1717 (1939). 
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presence of aluminum chloride. The ratios of methylcyclo- 
pentane to cyclohexane at equilibrium are as follows: 


Deg. C. 

K 

25 

0.143 

35 

0.170 

45 

0.193 

55 

0.238 

65 

0.272 

77.4 

0.344 


The conversion of hydrocarbons from straight-chain structures 
to branched-chain or ring structures is of great commercial 
importance be(;ause the* latter structures have higher octane 
numbers than th(5 straight-chain compounds. 

Catalytic Cracking and Reforming.—At the present time these 
process(\s are Ixving applied primarily to gas oil stocks of low 
(^arbon-residiK^ content and to gasoline or naphtha stocks for 
Hiforming into higli(?r octane-number material. A once-through 
operation produ(j(^s from 35 to 90 per cent gasoline depending 
upon the boiling-range of the feed-stock, and the gas oil produced 
in suc.h operations is proc(\ssed in regular thermal cracking 
eejuiprnent along with residual stocks. 

An (mormons mimlx'r of materials act as catalysts for catalytic 
cracking, and sonu^ of these have been known for many years. 
Tlie difficulty has bcHui that the life of the catalyst is only a few 
minutes because^ of carbon deposition, and even today the cata¬ 
lytic processcss must be operated on a cycle of operation such as 
(1) 10 min. of service, (2) 10 min. of steaming, and (3) 10 min. of 
revivification of the catalyst. Among the available catalysts 
are naturally occAirring clays, bauxite, alumina, and silicate 
materials, and oxides of chromium, tungsten, and vanadium. 
The rate of reaction is primarily dependent upon the life of the 
catalyst, and hence the regular formulations of reaction rate 
are of little value. 
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CHAPTER XIX 


DISTILLATION PROCESSES 

All petroleum distillation processes are fundamentally the 
same. The process engineer can make no headway in initiating 
new processes or in truly understanding the flow diagrams of proc¬ 
esses until this fact is clearly understood. In the main, all distil¬ 
lation processes require the following essential units of equipment: 
(1) pipestills or other heaters, (2) fractionating towers, (3) steam 
stripping columns, (4) heat exchangers, (5) condensers and 
coolers, (6) pumps and connecting lines, and (7) storage and 
accumulator tanks. However, in adapting these units of equip¬ 
ment to the processing of a particular stock, many factors must 
be considered. Among the most important of these are 

1. The boiling-range of the stock. 

2. The stability of the stock with respect to heat. 

3. The specifications of the products to be produced. 

Boiling-range of Stock. —Some stocks boil at such a high 
temperature that they cannot be vaporized at atmospheric pres¬ 
sure without decomposing them, and other stocks must be kept 
under pressure or they will vaporize at room temperature. 
Raw natural gasoline contains relatively large amounts of gaseous 
hydrocarbons and is an example of a stock that must be distilled 
under pressure. These hydrocarbons must be removed if a 
stable low-vapor-pressure natural gasoline, which will perform 
suitably as a motor fuel, is to be produced. The gaseous hydro¬ 
carbons are most effectively rcimoved by fractionation; but the 
gaseous hydrocarbons are the overhead product from the column, 
and they cannot be kept in the liquid state unless pressure is 
applied. Hence natural-gasoline stabilizers are operated at 
125 to 300 lb. per square inch pressure, and the reflux material 
consists of the volatile hydrocarbons ethane, propane, butane, 
etc. Of course, the top of the column could be kept at a low 
temperature by refrigeration, but such methods have not proved 
practical. The temperature in the reflux condensers is governed 
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by the temperature of the cooling water. The pressure that is 
used is dependent on the vapor-pressure of tlie n^flux material at 
the temperature that exists in the condenser. 

With high-boiling stocks the opposite difficulty arises. Vigor¬ 
ous decomposition starts to take plac(^ at temperatures exceeding 
about 710°F., and for this reason many stocks such as reduced or 
topped crude oil, tars, and heavy crud(? oils cannot be distilled at 



Fia. 101—Distillation ranges of typical Mid-Continent stocks. 

atmospheric pressurt'. These stocks have such high boiling- 
ranges that tlu'y must b(‘ distilled in a a acuum or b\' the use of 
large amounts of steam. Some (‘annot be distilled unless both 
steam and vacuum are employed. 

Between these two extremes are stocks such as crude oil, pres¬ 
sure distillate, pre.ssed distillate, brightstock solution, and special 
naphtha stocks, which can be distilled at atnios|)heric pressure 
but which may require the use of some steam. Figure 101 
indicates the relative boiling-ranges of typical Mid-Continent 
stocks. In distilling crude oil for gasoline, kerosene, and a part of 
the gas oil, a pipestill-outlet temperature of about 740°F. may be 
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reqiiii'ed. Thus a small amount of steam is normally required to 
keep the temperature down to 710®F. This results in a vaporizer 
temperature in the tower of about 6()0°F. For other stocks, 
(‘ommonly used vaporizer and outlet temperatures are given in 
Table 51. 


Table 51.—Vaporizer Temperatures 




Temperature 

! 

Pressure, 


Stock 

Products 

Vapor¬ 

izer 

Heater 

outlet 

lb. per sq. in. 
or mm. 

Steam 

1. Natural Kasolinc. 

Gas 

210 

230 

120-200 

No 

2. Pressure distillate. 

Gasoline 

275 

325 

Atmospheric 

Yes 

Crude oil. 

LiKht oils 

6f>0 

710 

Atmospheric 

Some 

4. Pressed distillate. 

Neutral oils 

670 

710 

Atmospheric 

Ye> 

.5. Brightstock solution. 

Naphtha and neutral 

670 

710 

Atmospheric 

Yes 

f). Reduced crude. 

Lub. oils 

690 

730 

30-80 mm. 


7. Fuel oil or tar. 

Asphalt residue 

730 

770 

30 80 mm. 

Yee 

8. Fuel oil or tar. 

Distilled cracking- 
stock 

775 

850 

Atmospheric 

Yes 


Thus modifications of the simple fractionating system are 
necessaiy for all (‘xcept a few stocks. Borne stocks rcKiuire a 
pressure so that a low-boiling reflux material (;an be condensed, 
and otlu^rs requires a va(!uum and sh'arn. 

Sensitive Stocks.— Although th(^ boiling-range of a stock is an 
important factor, the sensitiveness of ihv stock*to high tempera¬ 
tures must also be considered. All stocks start to decompose at 
about G80°F., yielding lower boiling products, but even lower 
temperatures may cause discoloration. In distilling crude oil a 
slight discoloration of the products is not important because 
most of th(i products receive chemical treatment before they are 
sold. Likewise, discoloration is not important in the distillation 
of a reduced crude oil for the production of a gas oil cracking- 
stock or for the production of asphalt. However, in distilling 
treated pressure distillate, pressed distillate, or brightstock 
solution, a discoloration during di.stillation cannot be allowed 
because the products are usually sold without further treatment. 
If treatment follows these distillations, then the cost of the treat¬ 
ment will be increased by the discoloration. 

High temperatures also result in a loss of heavy lubricating oil 
stock. The yield of lubricating oils is often decreased by 10 to 
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15 per cent by the use of too high temperatures. A mild decom¬ 
position takes place in which light lubricating oil and gas oil arc 
produced from the heavy stocks. 

Treated pressure distillate is particularly sensitive to high 
temperatures. Redistillation should not be conducted at tem¬ 
peratures exceeding 375°F., and many refiners find that a 
maximum temperature of 275°F. is economical because of the 
reduction in treating costs. 

In the manufacture of asphalt most refiners limit the tempera¬ 
ture to 770°F. Nevertheless, the temperature that may bo used 
without ruining the ductility of the product is greatly dependent 
upon the characteristics of the stock and upon the manner of 
heating. One refiner has successfully used a temperature of 
835°F. at the pipestill outlet, but others have found that 770°F. 
was too high. 

Th(j engineer must bear in mind that some stocks are very 
different from others. The most satisfactory operating tem¬ 
perature can be determined only by experiments with the partic¬ 
ular stock. A factor that cannot be neglected when considering 
temperature is the time that the oil is held at the high tempera¬ 
ture. As mentioned above, some asphalt stocks may be heated 
to 835°F. without damage if the time at the elevated temperature 
is short. If the stock is held at this temperature for more than a 
few minutes, extensive cracking will occur and the operation will 
become a cracking process. Thus the temperature that can be 
attained without serious decomposition is dependent to some 
extent upon the time. Although a lubricating oil stock can be 
heated to 710 or even 740°F. in a low-absorption-rate pipestill 
heater, this same temperature, if maintained in a shellstill, will 
cause serious losses in yield and a discoloration, the removal of 
which may necessitate a costly chemical treatment. 

Flow Diagrams and Operating Conditions. —The remaining 
pages of the chapter are devoted to the common processing 
systems. The systems that are presented are not necessarily 
the best for all conditions. In fact, in some cases they are 
presented merely because they are novel or because they illus¬ 
trate principles that w^ould otherwise be neglected. The best 
performance cannot be obtained from a unit unless it is ‘^tailor- 
made” for the particular stock and for the particular market and 
plant environment in which it must function. 
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The operating conditions are likewise of a general nature, 
although in most cases they are actual conditions that have been 
recorded in plant operation. The operating conditions will be 
different for each stock that is encountered. The evaluation 
curves that are shown with each process arc discussed in Chap. 
VII. 

A survey of the processing methods used in refineries appears 
to show that there are as many methods as there are refineries. 
Nevertheless, upon close inspection these many methods are 
found to be essentially the same, and the major differences are 
in the arrangement and shape of the equipments rather than 
in the manner of operation. In most refineries the processing 
methods are the result of years of development; and although 
the processing methods may be modern, the equipment that 
is used may appear to be obsolete. This is often the result 
of the use of existing shcllstills, towers, chambers, coolers, etc., 
from antiquated equipment. They appear obsolete; but if they 
ar(‘ properly utilized, they may perform as satisfactorily as 
modern, new equipment. 

Topping or Reducing Crude Oil.—In many wa 3 ^s the initial 
break-up of crude oil into raw products is the most simple dis¬ 
tillation process. Certainly it is the most widely known opera¬ 
tion. In the past, shcllstills, with or without fractionating 
towers, were commonly used. Today the shellstill is never 
installed, but old shellstills are often utilized in conjunction with 
pipestills. 

A modern topping unit is shown in Fig. 102, and the evaluation 
curves of a typical Pennsylvanian crude oil arc shown in Fig. 103. 
The oil is pumped continuously through the heat-exchange 
system at a pump pressure of 125 to 200 lb. per square inch, 
through the tubestill, and into the vaporizer section of the multi- 
pl(»-draw fractionating tower. At this point the temperature 
must be sufficiently high to cause vaporization of all of the prod¬ 
ucts that are collected at points above the vaporizer, and the 
temperature may be a little higher, so that about 20 per cent of 
the bottoms stock is also vaporized. The purpose of the addi¬ 
tional vaporization is to provide better fractionation on the plates 
that are situated just above the vaporizer. Without excess 
v’^aporization, very little reflux wdll exist at these plates and no 
reflux will flow from the plate above the vaporizer into the 
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vaporizer section. Reflux is circulated through the top of the 
column. The hot reflux material is drawn from the tower, 


fCooler 



Q)Pre$sures 

I I Temperatures^^ 


To vacuum sfHT'^ 


Exchahc^er Ol!]’ 

rdur cfe tank 

CD--, 


Cructe 

\ Ught gasotine 
- 26.8% 

Naphtha 5.8% 


Kerosene /9.S% 


6as oil 10.6% 


38% 


^'-From i^acuum-pfant 
exchangers 

Fig. 102. —Continuous pipostill topping plant. (.4. J. Smith Engineering 

Comjmny.) 



Fig. 103. —Typical paraffin-base crude oil. (Not the crude oil processed in 

Fig. 102.) 


cooled by a heat exchanger and a w^ater cooler, and returned to the 
tower. It serves to cool and condense the vapors that arise 





DISTILLATION PROCESSES 


369 


from the vaporizer. The recirculating type of reflux shown in 
Fig. 102 is not the most common method of removing reflux heat, 
hut it is an excellent method for certain conditions. Various 
mean.s of removing reflux heat arc described on page 464. The 
j)lates al>ove the vaporizen* or feed-plate act as rectifying plates, 



Fig. 104.— Modern topping plant. (Arthur G. McKcc. and Company.) 


but the plates below the feed an* steam stripping plates. Steam 
is admitted below or on the bottom tray, and the low-boiling 
materials in the vaporizer residue are removed so that a high 
flash-point bottom product is produced. The steam ascends the 
tower, and at the vaporizer it is effective in lowering the vaporizer 
temperature. 

The system as shown in Fig. 102 is not limited to the production 
of five overhead products. As many as eight products have been 
mthdrawn from a single tower. Furthermore, by the use of a 
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large amount of steam, such heavy stocks as wax distillate and 
even cylinder stock may be vaporized from crude oil. However, 
the vaporizer temperature must be high (800 to 870°F.),^ and 
such temperatures result in discoloration and losses by decomposi¬ 
tion. The difficulties with dewaxing are also troublesome. 
Plants operating at atmospheric pressure for the manufacture of 
distilled cylinder stocks have never been entirely successful, but 
many refiners distill wax distillate at atmospheric pressure. 

Heat-exchange. —The number of heat exchangers that may 
l)e wisely utilized depends upon the quantities and temperatures 
of the several products. In general, a heat exchanger should pay 
for itself within a period of two years. In complete plants, which 
conduct vacuum and cracking operations as well as the topping 
of cnide oil, the crude oil may be advantageously heated b}'^ 
products from these other units because they are at a relatively 
high temperature. In conjunction with a vacuum plant, the 
crude oil may be pumped through the condenser exchangers in 
the topping plant, through the reflux and partial condensers of 
the vacuum plant, and finally back to the topping-plant pipcstill. 
In this manner and in more elaborate heat-exchanger syst(‘ms, 
such as those which involve bottoms exchangers or exchangers in 
cracking plants, the temperature of the crude oil may be raises! 
even to 500®F. Thus for certain low-boiling crude oils the top¬ 
ping pipestill may be eliminated entirely. In the same manner 
the enormous quantity of heat available in a cracking unit and at 
a high temperature level as well may be used to advantage. 
Although such an extensive use of heat-exchange appears to be 
advantageous, such systems are not without disadvantages. The 
dependency of several units upon one another is a serious com¬ 
plication. Thus if one unit must be shut down, the other unit or 
units must be shut down or operated in a crippled condition. 
Sometimes these plants are constructed with extra heating equip¬ 
ment so that any one of the plants can be operated independently, 
but the extra heaters cost almost as much as if they had been 
originally provided instead of exchangers. Exchangers may also 
be a source of great expense unless they are wisely chosen and the 
stocks are clean and noncorrosive. 

^ One plant operated at 870®F., distilling a 160 viscosity at 210 cylinder 
stock, but the color was so poor and the loss of heavy stock was so great that 
the operation was discontinued. 



DISTILLATION PROCESSES 


361 


In the extreme, exchangers could be utilized on every tray of a 
fractionating tower as well as on each of the products and perhaps 
succeed in attaining a thermal efficiency of GO to 80 per cent. 

, One such system^ succeeded in operating without conclensers. 
Th(' real merit, how^ever, of such a system depends upon the cost 
oc installing and maintaining the heat-exchange system, and it is 
doubtful if such a system is economically feasible in view of the 
low cost of heat in most refineries. Extra trays would also be 
required in a fractionating tower employing such a large amount 
of h(‘at-exchange because the tower would operate with very 
little reflux. 

Pressure-still Distillate. —The raw distillate from cracking 
plants is a foul-sm(*lling, dark-colored material that must be 
tr('at(*d and n'distillod or immediately mixed with a gum inhibitor 
before it can l)(‘ sold as a motor fuel. Aftcu* acid tr(‘atmert, 
th(‘ distillate is still a bright-yellow-colored material. Although 
I)art of the coloring material is high boiling and may be sc'parated 
by distillation, some of it decomposes if a high tc^mperaturo 
is us(‘(l and caustvs discoloration of th(‘ distillate. Gumlike 
materials are also produced at high tempcTatures. These 
difficulti(\s are apparently caused by the decomposition and 
hydrolysis of alkyl sulfates which are prodticed during acid 
treatment. The C'xact temperature IkOow which discoloration 
and the formation of gum occur depends upon the chemical 
nature of the distillate, the manner in which the chemical 
treatment was conducted, and the way in which heat is applied. 
In the face of these many factors it is not surprising to find that 
little data are available regarding the exact temperature to be 
used in redistillation. This problem has been met by each 
refiner by conducting laboratory studies of the cracked distillate. 
Trusty^ shows the effect of steam on the color of the finished 
distillates, but unfortunately the maximum temperatures an* not 
included in the paper. With this particular distillate, thc^ effect 
of increasing the steam,'* other conditions and operations being 
th(» same, was as follows: 

* ZiEGENHAiN, W. T., No Condenscrs l\sf*d in Topping Unit, Oil Gas J,, 
Her. 18, 1930, p. 30. 

®Acid Treatment of Cracked Distillates . . , Ref. Nat. Gaso. Mfr.^ 

August, 1932, p. 455. 

^ The sulfur content of the distillate was lower when more steam was used. 
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Per Cent Steam 


in Overhead (^‘olor 

0 18 

5 22 

20 25 


Refinors usually limit tin* ternjX'raturo for redistillation to 
325®F., although sonn; plants hav(* been ()p(‘rated at 375°F. The 
1.end(aiey has Ixm'Ji to deeicase the temperature b(K!ausc the treat¬ 
ing op(*ration is mu(‘h simplifierl if the* ternperature is low. 



Sev(‘ra,l (*om])anies ha.V(‘ install(‘(l vaeuum systems*'' in which the 
tempc'rature is limited to 275^F. Tlu' \aciiiim reriistillation 
sysbrns are usiuilly of tin* two-stage* t\’p(\ in which part of the 
distillate* is distith'd at atnios[)henc pre'ssiin* and the* h(*avier part 
is va|)oriz(‘(i in a s(M*ond fractionatoi* whicli o|)erat(*s at a reduce^d 
l)r(\ssure. Laborator\' tests indicate' tliat eliscoloration may occur 
at even ITjCFF. 

Many small n'fint'rs continue' to re'distill ])ressure elistillate in 
shc'llstills, but all newly ere*e*te'el plants are of the* continuous 
pipestill and fractionate)i’ ty|>e' of eh'sign, as shown in Fig. 105 (see 
also Fig. lOG). The me'thexl of removing ie*llux heat, as shown 
in Fig. 105, is the* meist satisfaedor^ and generally used metlmd. 

Debutanizers. - Pressure'-still distillate is usually condensed 
and collected uruli'r pressure*, and part of the* gas from the crack¬ 
ing unit is absorbeei by the pressure elistillate. The pressure in 
the gas separator (15 lb. or higher) cause's the gas to dissolve to 

® Noll, H. D., Oil Gas J Mar. 31, 1932, p. 06. 
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sii(*h an extent that the pressure distillate usually has a vapor- 
f)r('ssiire of 10 to 25 lb. per square inch. Burket^ presents the 
anal\^ses of pressure distillates that were collected at different 
pressures as shown in Table 52. 

Table 52.— Analyses of Pressure Distillates* 


Volume percentage aim lyses of i)res.sure distillates 
colU^cted at prtj.ssures of, lb. {xt stp in. 



1 

14.7 

30 

40 

105 

A.P.I. 

52.0 

58.2 

55.3 

01.3 

Mf'thaiH*. 


0.02 

0.00 

0 47 

Kthaiic. 

0.33 

0 24 

0.09 

2.22 

Propcnc. 

3.4 

1.03 

3.22 

5.07 

Hut linos. 

8.43 

9.39 

9.33 

10.31 

P(*n( linos. 

10.93 

13.11 

12.05 

11.20 

Hexanes and heavier. . 

70.91 

75.01 

i 74.05 

70.07 


* The ilistillateH were not from the .same charpcinfs-stock. 


All of these distillates contain aiipnadable quantitifvs of pro- 
pant' and liutane and will <‘xert vapor-iiri'ssnrt's that make tht'm 
und(‘siral)le for blending [lurpost's. In ordt'r to rt'diiee tht' ^'apor- 
Iire.ssurt', many refiners ar<‘ installing d(‘l)utaniz(‘rs or pressure- 
distillatt' stainlizers. 

If low-vai)oi--})rf‘ssur(‘ natural gasoline is list'd for blcntling 
t)r if an excess of naphtha blentling stock is available, tht'ii the 
pressui’e distillate may not nt'ed to bt' st-aliilized. Tht' prt'ssurt' 
at which the distillate is etilleett'tl from tht* cracking plant, as 
indicated above, is of gi-t'at iinportanct*. Nevt'rtheless, it is 
liartlly practit*al to ctillect tht' tlistillat.t' at prt'ssures of less than 
20 lb. per sqiian; inch, liecause the gas cannot lie easily handled at 
lower pressurt's. Tlie fractitmation of prt'ssure distillate is 
t'onducted in a manner similar in all respt'cts tt> the stabilization of 
raw natural gasoline (Fig. 108). IIowevt*r, pressure distillate 
contains less propane and butane than raw natural gasoline, and 
hence the feed must be heated to a higher temperature. The 
raw pressure distillate is usually stabilized before acid treatment, 
and the lowest boiling part of tin* distillate is sometimes collected 
from the stabilizer and incorporated into gasoline, without 
undergoing acid treatment. 

® P.D. Stabilization . . . , Ref. Nat. Gaso. Mfr., March, 1931, p. 75. 
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Reboilers. —In fractionating two component feed-stocks a 
part or sometimes all of the heat input is supplied at the bottom of 
the fractionator. The theories discussed in Chap. XV were 



Gasoline 


\^laljhr(cbeq ’^Fr' 3',Z0dTb/hr. 

^^435gai/hn G) 60 
106.—PrcsHure distillate rerun unit with reboiler arrangement (see 
Fig. 107), {E. B. Badger and Sons Company.) 



Fig. 107.—Evaluation curves of pressure distillate (see Fig. 100). 


based upon such a process system. In such systems the part of 
the column below the feed, viz,, the exhausting section, effects 
some separation. The lower part of most petroleum oil columns 
does not function as a fractionator but as a simple steam strip- 
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ping section. At frequent intervals flow diagrams are proposed in 
which heat is supplied at the bottom of petroleum oil towers. 
Oil is circulated from the bottom of the tower, through a few 
tubes in the pipestill or other heating equipment, and back into 
\me of the lower plates of the tower. Reboilers do increase the 
efficiency of fractionation, but a satisfactory degree of separation 
can usually be obtained more cheaply by the use of a stripping 
section. The use of two coils in a pipestill is a difficult problem. 
The exact heat input in each coil can hardly be determined except 
by experiments with the pipestill during operation. This has 
oftem caused reboiler installations to perform poorly, with the 
r-esult that reboiling has never been widely used. 

Figure 106 indicates a reboiler arrangement as used in redistill- 
^ing pressure distillate, and Fig. 107 shows the analyses of th(' 
feed and distillate. Reboilers heated by stc'am are used in 
stabilizer towers for natural gasoline, pr(\ssure distillate, butanev 
propane mixtures, and some solvents. In these cases t he* bottoms 
product must be wc'll fractionated, whereas in most of the proc¬ 
esses that have been discussed heretofore the fractionation of the 
overhead product was most important. Fractionators for the 
production of special cuts, such as solvents, are frequcuitly oper- 
^ ated with reboilers or with fired shells at the bottom of the towers. 

Natural-gasoUne Stabilizer. —The natural-gasoline stabilizer 
or fractionator is one of the best examples that the industry offers 
of the application of the fundamentals of distillation, as discussed 
for two-component systems in Chap. XV. Nevertheless, the 
feed to a stabilizer always consists of at least six components so 
that the application of the equations for two-component systc^ms 
is difficult. Heat is supplied at the bottom of the tower by a 
steam reboiler; and if the feed is heated by hcat-(ixchange with 
the stabilized gasoline, no additional preheating of the stock 
^may be necessary. An effective separation of butane from the 
lighter hydrocarbons is necessary, and hence a large number of 
trays are used in the tower. Even though many trays are used, 
a high reflux ratio is necessary. In a few refineries a side-stream 
product or a part of the reflux is collected and subsequently 
separated into commercial butane, bottle gas (largely propane), 
etc. A typical stabilizer diagram is shown in Fig. 108.^ The 
diagram shows more plates than are normally used. 

^ Burdick, G., Oil Gds J., Apr. 9, 1931, p. 26. 
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The recent developments of polymerization, dehydrogenation, 
alkylation, etc., processes, which are now practiced primarily 
on gaseous hydrocarbons, all re(iuire liigii-pressiire fractionators 
similar to stabilize?rs. Thus, stabilizers are used in natural- 



iCj -rC.2 

Ficji. 108.—Nuturnl-gasoliiu' strihilizor. {Burdick, Oil Gas J.) 

gasoline plants, in refiiu'iy gas-rc'covery systems, for pressure- 
distillate debutanization, and in many hydrocarlxin-conversion 
processes. In se^xM’al of tin* (*on\'ersion processes it is necessary 
to produce jiure hydrocarbons, and htaice such elaborate systems 
as that shown in Fig. 100 are sometimes necessary.® The 
“Turner iind Pubey, Hydrocarbons . . . , Ref. Nat. Gaso. Mfr.^ 

September, 193vS, p. 123. 
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process was used primarily for making an isobutane-butane feed 
for polymerization units, but uses for propane and isopentane 


lOOO^RPD Isopentane f 

t ^SOOB.PD.\ ^0%Cs\ ^ifo. 

f^Reftux xY'Pef/ux f^Pef/ux 
ratio'12.6 ratio-2.6 \ratio^l5.5 


I I 45 trays | 140 trays | 150 troys | | 45 troys 
Depropanizer Debutanizer Isopentone tower Butane tower 


Poly plant feed 
—^ 5500 B.Ra 
.0.7%C4 
Isobutane I300BR0. 

^\^RefluK 
ration 10,5 


Casinghead 
feedstock 
16,500 B.RD. 


0%C4 
Butane-free 
gasoline 
6000S.RD. . 


\ 2400B. PD. 


J 0.2%iCs L 
Norma!pen tone 
and heavier 
1600 B.PD. 


J 0.5% iC4 
0.4% Cs 

Norma! butane 
4000 B.PD. 


, ^ ^ ^ Is Natural goso/ine - 
5600B.RD. 9200 BP D. 


-Typical fractionation system for separatiiiK a number of pure hydro¬ 
carbons. {After Turner and Hnhey.) 


were also contemplated. Data conc(»rning the four columns ar(‘: 



Column 

I 

depro¬ 

panizer 

Column 

II 

debu- 
1 tanizer 

Column 

III 

iso¬ 

pentane 

C/olumn 

IV 

butanes 

Capacity, bbl. per day. 

10,450 

1 

10.100 

2,206 

2,900 

Impurities, in overhead, per cent. . j 

O.mCA 

3.5C6 

0.0?iC6 

0 7nC, 

o.oc, 

0 . 0 C 4 

O.OC, 

Impurities, in bottoms, per cent.. . | 

O.OC 3 

0 oc. 

0.2tC, 

0.3iC4 

0.4C6 

N umber of trays. 

45 

40 

50 

45 

Height, ft. 

111 

103 

120 

111 

Diameter, ft. 

8.0 

10.5 

7.0 

8.5 

Safe working pressure, lb. per sq. in. 

275 

100 

50 

120 

Reflux ratio (design figure). 

12.8 

2.6 

15.5 

10.3 


Naphthas and Specialty Products. —The manufacture of 
narrow-boiling-range solvents is one of the most exacting oper¬ 
ations that is carried out in the refinery. The boiling-range must 
be narrow, and the product must be well fractionated, but in 
addition the color must be excellent and stable with regard to 
light. No gum is tolerated, and the sulfur must be low. These 
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requirements necessitate a thorough treating operation as well 
as careful fractionation. Most refiners do not manufacture 
solvents, and those who do are often secretive about the exact 
methods that they use. 

In small refineries in which the shipments of solvents may not 
exceed a tank car per month, a common method of processing is to 
withdraw a small quantity of roughly cut material from the main 
distillation proc(‘Ss and rerun this cut in a shellstill and tower, 



using a large quantity of reflux and conducting the distillation 
very slowly. In large refineries that specialize in the produc¬ 
tion of solvents, this method is unsuitable. 

A product that is withdrawn from the side of a multiple-draw 
column can never be well fractionated. It will always contain 
some low-boiling material because the vapor that passes the draw- 
plate always contains the lighter products of the process. The 
end-point can be regulated to some extent by the use of many 
plates and large amounts of reflux, but a satisfactory initial boil¬ 
ing-point cannot be obtained by these methods. The regulation 
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of the initial boiling-point is usually obtained by the use of a 
steam stripper. However, these common methods are ordinarily 
not satisfactory for the manufacture of solvents, and it is usually 
necessary to withdraw a partly fractionated material from the 
main tower and redistill this material under controlled conditions. 
Figure 110 indicates a flexible system that can be used in redis¬ 
tilling solvents. The auxiliary tower (enlarged in Fig. 110) 
is a rectifying and exhausting system having a reboiler that may 
be heated with high-pressure steam or by circulation of hot fuel 
oil from the main distillation unit. The system may be operated 
in many ways. The charge-stock may be drawn from any part 
of the main tower; the solvent may be either an overhead or a 
bottoms product; and in some cases it might even be advisable 
to collect it as a side-draw product from the auxiliary towei, 
although a side-draw connection is not shown in Fig. 110. 

Pressed Distillate and Brightstock Solution.—The redistilla¬ 
tion of pressed distillate in the manufacture of neutral oils must 
be conducted under vacuum or with the us(^ of large amounts 
of steam. In other respects the equipment and method of oper¬ 
ation are similar to those used in topping crude oil. Discolora¬ 
tion will result in a high treating cost, and hence the pipestill must 
be built with a large amount of radiant surface and for high oil 
velocities. Figure 111 shows a typical steam-atmospheric 
pressure distillate rerun plant, and Fig. 112 the evaluation curves 
of the stock. 

The same equipment may be used to redistill brightstock solu¬ 
tion, but, of course, a different quantity of material will be proc¬ 
essed. The use of a single pipestill and fractionator system for 
several distillation operations is becoming a more and more com¬ 
mon practice. By careful design a unit can be built that can bo 
operated on either pressed distillate or brightstock solution. The 
unit is operated for several w^eeks on one of the stocks while 
the other stock is being accumulated in storage tanks. One 
small Pennsylvanian refiner is storing brightstock solution for 
about three weeks out of a month and processing it during the 
fourth week in the topping plant. It is reported that only 1 hr. 
is required to switch from the crude oil charging-stock to bright- 
stock solution as the charging-stock. 

Brightstock solution, like pressed distillate, must be distilled 
with as little discoloration as possible. Several two-flash systems 
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Fio. 111.—Diagram of a steam-atmospheric pressed-dUtillate rerun plant. 
(A stripper for the side product is generally used.) (A. J. Smith Engineering 
Company.) 



Fio. 112. —Evaluation curves of a pressed distillate. 
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have been built. In the first flash, the naphtha is removed. The 
residue is then further heated in a part of the pipestill, and gas oil 



Percentage 


Fia. 114.—Evaluation curves of a brightstock solution. 

and a neutral oil are vaporized in the second flash. The two- 
flash system holds no important advantages over the single-flash 
system, but as an illustration the two-flash method of operation is 
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shown in Fig. 113. Evaluation curves are shown in Fig. 114. 
The steam required in a pipestill rerun system is often less than 
one-fifth the amount required by shellstill redistillation. 

Steam Required for Stripping.—The amount of steam required , 
for stripping side-draw and bottoms products cannot be a 
definite quantity. It will depend upon the flash-point that is 
required in the stripped product and upon the degree of fractiona¬ 
tion that is obtained in the main tower. For ordinary conditions 
the following quantities of steam are recommended: 

Lb. Steam per 


Material Gal. Oil 

Naphtha. 0.1-0.2 

Kerosene. 0.2-0.3 

Gas oil. 0.3-0.6 

Fueloil. 0.4-0.8 

Pressure-distillate bottoms. 0.6-1.0 


If products of particularly high flash-point arc required, then 
much larger quantities may be necessary. As an example, in a 
topping plant a 180®F. flash-point kerosene required 0.4 lb. of 
steam per gallon and a 280°F. flash-point gas oil required 2.25 lb. 
of steam per gallon. 

Vacuum Distillation.—Vacuum distillation may be employed 
for the redistillation of pressure distillate, pressed distillate, or 
brightstock solution. It may be used for distilling topped crude 
oils for the production of wax distillate and cylinder stock, or it 
may be used to reduce a tar stock to asphalt or pitch. Vacuum 
systems have been used to produce gas oil (cracking-stock) from 
heavy tars. 

The advantages of vacuum distillation for distilling asphalt¬ 
bearing crude oils is obvious, because the asphalt in such stocks 
makes the cost of acid treatment almost prohibitive. In the case 
of paraffin-base oils the advantages are not so obvious. The' 
advantage with such oils lies in the larger recovery of the valuable 
heavy stocks, which in the case of residual steam operation are 
partly decomposed into lower boiling, less viscous oils. 

Although the wax distillate and the cylinder stocks from 
vacuum units are usually dewaxed without difficulty, some 
refiners have found that an intermediate heavy wax distillate cut 
must be produced to the amount of 3 to 6 per cent if the wax 
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distillate and the cylinder stock are to have good dewaxing 
characteristics. 

Because of the high boiling-points of lubricating oil stocks the 
use of vacuum alone is not usually sufficient. Process steam must 
^llso be used and sometimes in such quantities as 1 lb. of steam for 
vach gallon of reduced crude oil that is processed. Of course, 
the exact amount of steam to be used is dependent upon the 
boiling-range of the stock and the quantity vaporized.. Many 
|)lants have operated with process steam not exceeding 0.3 lb. per 
gallon. The dry process of vacuum distillation, which utilizes no 
steam, has many theoretical advantages. Most important 
among these arc the much smaller tower and condensing equip¬ 
ment required. Nevertheless, the absolute pressure that is 
' reciuired for the dry processing of most petroleum oils amounts to 
l(\ss than 1 mrn., and such a vacuum cannot be produced at a 
reasonable cost in large-scale vacuum equipment. 

The common method of maintaining a vacuum is by the use of a 
l)arornetric condenser and steam jets. The steam and uncon¬ 
densed gases pass into the barometric condenser. As the steam 
condenses, it shrinks greatly in volume and a vacuum is produced. 
The fixed gases cannot be condensed, and they must be ejected 
Jrom the system by steam jets. By the use of a barometric 
(’ondenser and steam jets, the lowest economical pressure that 
can be produced at the barometric is about 16 mm., and largo 
amounts of steam and cooling water are required. Even this 
pressure cannot be obtained if the cooling water is above about 
70°F. 

To obtain lower pressures than 16 mm. or to obtain 16 mm. 
with normal cooling water, a thermocompresser or booster- 
ejector must be used. By the use of a barometric condenser, 
three stages of steam jets, and a booster-ejector, the low pressure 

8 mm. can be obtained (at the booster) if the water is cold. 
However, the steam consumption of a booster-ejector is very high, 
and it is not widely used. ,The booster-ejector is nothing more 
than a large steam jet that is used to compress not only the 
fixed gases but also the process steam. Thus the booster-ejector 
is used before the barometric condenser, whereas the regular 
steam jets are used to remove gas from the barometric condenser 
(Fig. 115). 
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The pressure-drop that occurs between the barometric con¬ 
denser and the vaporizer section of the tower is of great impor¬ 
tance. The purpose of vacuum operation is to produce a lov 
effective pressure at the vaporizer, and hence the vacuum must 
not be lost by excessive friction loss through the vapor line, con¬ 
densers, and tower plates. As an example, the following tabula¬ 
tion shows the pounds of process steam required at different 
effective vaporizer pressures. The table was computed for the 
processing of 1,500 bbl. per day of an average Mid-Continent 
reduced crude oil. The first column shows the pressure at the 
vaporizer; the second and third show the consumption of process 
steam at vaporizer temperatures of 080 and 700°F.; and the 
fourth column shows the approximate vaporizer temperature 
that is required if no process steam is used. 


Operating prcaaure 
at vaporizer, nim. 
of mercury 

Lb. of steam required per hr. 

Temperature at 
vaporizer if no 
steam is us(^d 

680°F. 

700°F. 

760 

54,000 

38,200 

980 

100 

6,480 

4,420 

810 

50 

2.880 

1,850 

765 

40 

2,160 

1,340 

752 

30 

1.440 

822 

740 

25 

1 .080 

565 

728 

20 

720 

308 

720 

18 

575 

206 

712 

16 

432 

103 

703 


Thus the avoidance of a few millimeters of pressure-drop, from 
the barometric to the vaporizer, is worth many pounds of process 
steam. The saving in the quantity of steam is important, but the 
reduction in tower size and the quantity of cooling water that is. 
required arc also worthy of note. From the tabulation it would 
appear that pressures of 25 to 30 mm. would be economical, 
but such is not always the case. In addition to the process 
steam as shown in the tabulation, steam is required to operate 
the steam jets and water is required to operate the barometric 
condenser. The steam requirement for the steam jets increases 
rapidly as the pressure is reduced so that the most economical 
vaporizer pressure often exceeds 30 mm. 
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la an effort to obtain a minimum pressure-drop, many novel 
arrangements and designs of vacuum-towers and condensing 



Fi«. 116.—Vacuum distillation plant using a booster ejector. (v4. J. Smith 
Engineering Company.) 



Fig. 116.—Evaluation curves for reduced crude oil charged to the plant shown in 

Fig. 115. 


equipment have been developed. The plates are designed for as 
low a liquid head above the slots of the caps as possible, and 
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sometimes the customary bubble caps are discarded entirely for 
baffle or splash types of plates. In some installations the vapor 
line has been eliminated by doing the condensing in the top of the 
tower. In this arrangement the barometric and jet equipment, 
is situated along the side of the vacuum-tower (Fig. 117). The 
processing of a reduced crude oil in a vacuum unit for the produc¬ 
tion of distilled cylinder stock is illustrated in Figs. 115 and 116. 
In this plant a reflux condenser is placed in the top of the tower 
and the partial condcrnsc'rs for gas oil and wax distillate are out¬ 
side the tower but not at a great distance. One of the difficulties 
with the arrangement shown in Fig. 115 is the weight of the large 
condensers. They are so heavy for a large installation that they 
cannot be supported by the tower. This necessitates inde¬ 
pendent structural supports and an elaborate expansion joint 
between the tower and condensers. Vacuum steam strippers are 
sometimes used on vacuum systems. 

Fractionation is more effective at low temperatures or in a 
vacuum than at high temperatures. It is more effective because 
there is a larger difference among the vapor-pressures of the 
components at low pressures than at high pressures. Thus 


Vapor-presstires, inm. 



~50°F. 

O'^F. 

50“F. 

Propane. 

630 


4,395 

Pentane. 

12 


350 

_ V.P. propane 

V.P. pentano. 

62.5 

HQI 

12.5 


the relative tendency for propane to leave the liquid when 
at — 50®F. is about four times as great as when the mixture is 
distilled at +50°F.. Perhaps this accounts in part for the rela¬ 
tively small number of plates tiiat are used in vacuum towers. 

Asphalt Plants. —The distillation of tarry residues in a vacuum, 
for the manufacture of asphalt, differs little in principle from the 
unit just described. The operation is simplified by the following 
factors: 

1 . Elaborate fractionation is not necessary. In the case of lubricating oil 
distillation, entrainment may discolor the products and increase the 
treating costs, and poor fractionation may result in trouble with dewaxing 
of both the wax distillate and the cylinder stock. Fewer plates are 
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SOpeneirathn 

Fig. 117.—Vacuum flash system for asphalt manufacture. 



Percen+oige Distil led 

Fig. 118.—Charge-stock for unit shown in Fig. 117. 


f^netnoition 77* f: 
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required in asphalt towers. Vacuum asphalt towers often have so few 
plates in them that they arc referred to as flash jugs. 

2. Higher vaporizer temperatures can be maintained without damage to 
the properties of the asphalt. Whereas the vaporizer temperature in 
lubricating oil towers is limited to a maximum of about 710°F., asphalt 
stocks are often heated to 790°P\ without damage, 

3. Only one product need be taken overhead. This eliminates the extra 
plates that are required for a side-draw cut or the partial condensers for 
two overhead cuts (f'ig. 115). If two overhead cuts are taken, the 
separation is not difficult because both cuts are gas oils and they need 
not be well fractionated. 

4. Tar stocks are usually available at a high temperature. A small heater 
is usually required, ])ut in some cases a sufficient amount of vaporization 
occurs by simply reducing the pressure without the addition of heat. 

A typical diagram, showing operating conditions, is given in 
Fig. 117. Evaluation curves are shown in Fig. 118. Note 
that the penetration yield curve is plotted differently from else¬ 
where in this chapter or in Chap. VII. Here the yields of 
asphalt are obtained by subtracting from 100 the value read 
from the curve. Thus, the yield of 100 penetration asphalt is 
about 30 per cent. 

Similar but even more simple flash jugs are often used in 
cracking plants to reduce the cracked tar to a solid material and 
to obtain greater yields o# gas oil for recycling. 



CHAPTER XX 


AUXILIARIES TO PROCESSING 


Although the fundamentals of distillation processing were out¬ 
lined in the preceding chapter, several auxiliary operations or 
equipments have been neglected. Only instrument control, 
crude oil desalting, and waste-water settlers will be discussed 



Fig. 119 . —Instruments that may be used in a topping plant. The letters refer 
to the following instruments: A, temperature-recorder controller; B, recording 
pyrometer; C, recording pressure gage; D, indicating pressure gage; E, rate-of- 
flow controller; F, pressure regulator; G, draft gage; H, hand-control valve; 
/, safety valve; M, liquid-level*control. 

Optional instruments: J, industrial thermometers or thermocouple wells; 
K, flow meter; L, stroke regulator and counter; N, indicating thermocouples or 
connections for them; 0, by-pass adjustment valves or proportional draw-off 
devices. 


here. Refinery practice in the operation of boiler plants, water¬ 
cooling systems, piping systems, and pumping does not differ 
greatly from the standard practice in other industries. 

Instrument Control. —The full usefulness of refinery equipment 
can be attained only by the use of automatic and indicating 
control.instruments. An attempt to discuss the merits of each 
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individual instrument or type of instrument would be imsatis- 
factory because there are several different types of satisfactory 
instruments for each purpose and because radical improvements 
are being made each year. 

Figure 119 indicates the location of the various control instru¬ 
ments that may be used in a topping plant. Many of these are 
optional, but all of those shown are in common use. Among the 
most important are (1) top temperature controller; (2) recording 
pyrometer at vaporizer and inlet and outlet of pipestill; (3) 
pressure at inlet and outlet of pipestill, at charge pump, and in 



Fig. 120.—An extensive control system for a natural>gasoUne plant. 


tower; and (4) temperatures on side-draw plates. Control 
instruments are extensively used in natural-gasoline plants. 
Figure 120 illustrates the use of instruments in such a plant. 

In the control of a continuously operating system, certain 
variables must be fixed or the control of others is almost impos¬ 
sible. Of prime importance are (1) the rate of feed, (2) the 
temperature of feed, and (3) the top temperature of the tower. 
With these variables fixed, the control of the others is well within 
the capability of a competent operator. Even an expert operator 
is almost helpless if these three variables are not fixed. A plant 
can be operated with these controls alone, but the operation will 
be even more efiicient if other controls are utilized. The rate of 
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feed is commonly controlled by manual operation with the help of 
stroke regulators and stroke counters. The effect of a variable 
feed rate can be minimized by the use of proportional draw-off 
weirs. ^ The temperature of the feed normally gives little trouble, 
and several types of satisfactory top temperature controllers 
for towers are available. 

The principle of trend-analyzing has been one of the notable 
improvements in instrument design. A trend-analyzing instru¬ 
ment is so constructed that it will begin to stop the actuating 
mechanism before the condition (temperature, pressure, or rate of 
flow) has been brought back to the desired condition. In this 
way the tendency to overcontrol, or ^^hunt,^^ has been corrected. 
Such instruments apply a large correction if the condition is far 
from the control-point and a small correction (or none at all) 
if the condition is nearly at the control-point. This principle has 
been applied to many types of instruments, although not always 
under the name of trend-analyzer. 

Centralized Control.—The central control room has become 
an integral part of the modern petroleum distillation unit. The 
grouping of recording and controlling instruments facilitates 
the work of the operator and concentrates the responsibility for 
the operation of the plant. Although the first cost of centralized 
and automatic control is high, it reduces the number of operators 
required to man the plant and provides an appreciable saving in 
operating cost. In dealing with emergency shut-downs, such as 
those arising from explosions and fires, the facility afforded by 
centralized control is of vital importance. 

On the other hand, enthusiasm for the very real advantages of 
centralized control should not be allowed to obscure its limita¬ 
tions. Control instruments are expensive, and the lines between 
the control room and the equipment are costly. For this reason 
the less important measurements should be taken at the equip¬ 
ment, and indicating instruments should be given preference 
over recording instruments except where a record of the operating 
conditions is of definite service. A large number of instruments 
in the control room divides the attention of the operator, and 
hence careful thought should be given to the selection of the data 
that are to be presented for the attention of the control-room 

^ Chillas and Weir, Ind, Eng, Chem., 22, 206 (1930). 
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operator. Figure 121 shows a single control board for three 
distillation units. 

Desalting of Crude Oil, —The small amount of brine that is 
associated with crude oil is far more important than its quantity 
would indicate. In addition to the mechanical accumulation of 
debris in the processing equipment, the chloride salts (particu¬ 
larly magnesium chloride) liberate hydrochloric acid that causes 
corrosion during processing. This causes a decrease in heat- 
tiansfer rates by fouling, and promotes the formation of coke in 
the pipestill tubes. The removal of the brine often results in 
iiK'ieasing the length of the operating cy(ile tenfold or more. 
C'orrosion by hydrochloric acid is particularly troublesome if 
sulfide corrosion is also active, because the alloys used for one? 
type of corrosion are not suited for withstanding the other type. 

Brine is associated with crude oil both as a fine suspension of 
droplets and as more permanent emulsions. The demarcation 
line between these tw^o types is not always clear; but the less- 
stable mixtures can be separated by simple settling methods, 
and the more permanent mixtures must be handled by chemical 
or electrical methods of separation. Long standing in storage 
tanks results in some settling—in one instance the salt content 
was decreased from 25 to 18.5 gr. per gallon by standing for 4 
days. A high temperature is also useful, and the most common 
settling system consists simply of a horizontal tank operating at 
100 to 400°F. and at sufficient pressure to suppress violent 
vaporization (50 to 250 lb. per square inch). The hot crude oil 
may also be sent through a vapor separator or evaporator prior 
to settling. The coalescence of particles is hastened also by the 
use of towers packed with sand (or gravel) or excelsior, ^ either 
before or after® the settling vessel. The time of settling may be 
cut in half by the use of a packed column of excelsior. * Water is 
usually mixed with the incoming crude oil. Union of the water 
with brine droplets is reported to be 75 per cent or more com¬ 
plete,^ and hence the brine droplets that remain in the crude oil 
after settling contain very little salt. 

® Hawthorne and Bedell, The Removal of Inorganic Salts from Crude 
Petroleum, A.P.I., 8th Midyear Meeting, Wichita, Kans., May 24, 1938. 

^ Blair, C. M., Jr., Removal of Inorganic Salts from Petroleum, Oil Gas 
J., April 4, 1940, p. 52. 

^Egloft’, Nelson, Maxutov, and Wirth, III, Crude Oil Desalting, 
A.I.M.E. Meeting, Oklahoma City, Oct. 8, 1937. 
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In simple heated settling tanks, a time of 1 hr. is common. 
The oil is introduced at one end of a horizontal settling vessel at 
a height about one-fourth from the bottom and aimed along the 
longitudinal axis of the vessel. The oil is removed in a similar 
manner at the top of the other end of the drum. 

In handling more stable mixtures, the aforementioned simple 
heat- and water-<iilueiit system may Ixi assisted by the use of 
chemicals or a high-potential electric field across the settling 
vessel to cause more lapid coalescence of droplets. By these 
methods the salt content can usually be reduced by 90 per cent 
or more, and the time of settling may be reduced in some instances 
to only 20 min. Among the ingredients® of treating compounds 
are the following: 

Per Cent 


Modified fatty acids partially or wholly saponified with 

ammonia. 35-48 

Oil-soluble sodiinn petroleum sulfonate. 13-31 

Water-soluble solvents, dilute alcohol (10-14 per cent), 

etc. 10-20 

Oil-soluble solvents, keros<me, crude oil, naphthas, 

cresol, etc. 4-25 

Inorganic sulfates, sodium sulfate, sodium sulfite. 1-2 


Few dinxjtions can be given for the selection of treating agents, 
but in general, for alkaline brines of high pH value the neutral 
soaps of oleic acid, solid fatty acids, liquid-saturated fatty acids, 
lineolic acid, etc., should be used;® for alkaline brines of lower pH 
ordinary turkey-red oil, with the sulfonate group esterified and 
loosely linked, may be successful; and finally, for more acid 
brines ^^one should consider the soaps of naphthenic acids, 
preferably having a low sulfate content, and the more stable 
fatty acid, alcoholic, or aromatic sulfonates, having a higher 
sulfate content, provided these are adapted to the pH of the 
water, and do not contain antagonistic constituents^’ (ones that 
cause precipitation). The use of small amounts of very dilute 
caustic soda solution (3 per cent of a 0.3 per cent solution) is 
found to lx? beneficial in some instances.- 

Waste-water Disposal.^ —The pollution of streams and harbors 
by waste water from refineries has become a problem that must 
® Bennett, H., The Chemical Formulary, Vol. 2, p. 179 (Tretolites), 
D. Van Nostrand Company, Inc., New York (1935). 

• Van Dedem, G. W., Chemical Methods for Separating Petroleum Emul¬ 
sions, Oil Gas J.f .\ug. 12, 1937, p. 65. 
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be met by all refiners.^’® Simple gravity type settlers are widely 
used. These function according to the basic law of Stokes: 

V = 73.9D* (-^) 

where v = velocity of settling, ft. per sec. 

D = diameter of particle, in. 

5 = density of particle, lb. per cu. ft. 
s' = density of fluid, lb. per cu. ft. 

2 == viscosity of fluid, centipoises. 

The law is not perfect, but it does constitute a guide by which the 
variables in empirical formulae such as the following can be 
ascertained. Babbitt and Schlentz® have developed this formula 
primarily from sewage-treatment tests, but it appears to be 
useful in designing oil-water settlers: 

^ 3.72JR(C + 54)-22(>C 

" ®- C + 0.98B - 


where R = percentage removal. 

D = detention period, min. 

C = concentration of oil at inlet, p.p.m. 

Somewhat the same layout of settler as that developed by 
A.P.I. studies^ is shown in Fig. 122. The flight scraper serves to 
move the sediments out of the box in a continuous manner. A 
filter^ that utilizes cloth as the filter medium may be used after 
the settler for removing the last traces of iridescent oil film. 
Settlers are usually constructed of concrete and have a depth 
of 6 to 8 ft. Other dimensions are not of great significance 
provided the retention time is adequately long and provided the 
incoming waste water is evenly distributed across the settler. 
Many settler^ are producing waste water that contains only 5 
parts per million of oil. A film of oil ranging from 0.000006 to 
0.000012 in. thick on the surface of water will produce an irides¬ 
cent coloration. 

^ Hart, W. B., Elements of Waste-water Separator Design, A.P.I., 8th 
Midyear Meeting, Wichita, Kans., May 24, 1938. 

* American Petroleum Institute, Disposal of Refinery Wastes, Sec. I, 
1933; Sec. II, 1938; and Sec. Ill, 1935. 

• Results of Tests of Sewage Treatment, lUinoia Eng. Exp. Sta. Bull. 
198, 1929. 


(D + 226)C 

3.72(c+?15^) 
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Separators cannot be expected to handle waters more highly 
acid than a pH of 4.5 or more alkaline than a pH of 10 or to 
handle true emulsions of oil in water such as so-called white 
water/^ In such an emulsion the oil is dispersed through a 
continuous water phase and is carried through the separator. 
Later the emulsion may be destroyed by dilution or other 
effects that will liberate the oil. Emulsions of water-in-oil 
which may contain asphalt, clay, dirt, alkaline earth soaps, 
lead sulfide, or coke as the emulsifying agent are not usually 

Manifold in/ef 



Fi’rst stage 

Fia. 122.—Vortical section of waste-water separator. 


troublesome. Occasionally, however, one of these emulsions 
will have a specific gravity that is the same as that of water, and 
it will not settle. All of these special cases should be met by 
corrections in the general processing scheme of the refinery 
rather than in the waste separator. 
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CHAPTER XXI 


EXCHANGERS, COOLERS, CONDENSERS, AND STEAM 

HEATERS 

The operation, maintenance, and design of heating equipment 
form an important part of the duties of the refinery engineer. 
Although most tubular equipment is designed and installed by 
manufacturing companies, under contract;, the refinery engineer 
can hardly operate this equipment wisely or apply existing equip¬ 
ment to new uses without a clear understanding of the principles 
underlying their design. 

The ultimate source of heat in the refinery is the steam boiler 
and the petroleum shell or pipestill. Indirectly, heat is obtained 
or saved from the various petroleum products by cooling them 
with the raw charging-stock. These products, at a high temper¬ 
ature, are passed through tubular equipments called heat 
exchangers, vapor heat exchangers, vapor condensers, or tubular 
coolers. If the two materials that exchange heat are liquids, the 
equipment is referred to as a heal exchanger. If the hot material 
is a vapor and is cooled without much condensation, the equip¬ 
ment is called a Dapor heat exchanger. If the vapor is con¬ 
densed, the equipment is called a condenser, and the equipment 
subsequently used to cool the condensate is usually referred to as 
a cooler or after-cooler. These cooling and condensing operations 
may be conducted in so-called coil-in-box equipmentSy although 
niany refiners have discarded the coil-in-box arrangement except 
for particular services. 

The large amount of water that is contained in coil-in-box 
equipment may be an advantage. Thus, if the water supply 
should fail, the run-down house will not be filled with uncon¬ 
densed vapors \vdth the attendant danger of a serious fire. In 
large refineries the water supply is unfailing and tubular equip¬ 
ment can be used with safety. In smaller refineries the danger 
has been largely eliminated by the use of oil as the cooling medium 
in at least part of the condensing system. During the last few 
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years the design of tubular equipment has been so improved that 
it can be built as cheaply or even more cheaply than coil-in-box 
arrangements. Owing to higher velocities and the relative ease 
of cleaning, the heat-transfer rates in tubular equipment are 
usiially more than twice as great a§ in coil-in-box equipment. 

If the cooling water is very hard or dirty or if severe corrosive 
conditions exist, tubular equipment is usually not satisfactory. 
The scale that is produced is such a resistance to the flow of heat 
that the transfer rate in the tubular equipment may be scarcely 
larger than in coil-in-box equipment. Hence the advantages of 
tubular equipment are lost, and the cost of the installation 
mounts. The scale can be cleaned from the tubular equipment, 
but the scale may be deposited again so quickly, often after a 
few hours, that little is accomplished by the cleaning. Some 
refiners have found it necessary to return to the use of coil-in-box 
condensers and coolers. However, in many cases the apparent 
failure of tubular equipment to perform properly may be attrib¬ 
uted to carelessness on the part of the refiner. Tubular equip¬ 
ment must be periodically cleaned or blown with steam, and those 
refiners who have followed this practice have usually found that 
the use of tubular equipment is economical. 

The foregoing items are standard equipment. In addition, the 
jet type of condenser has been finding some application. The 
barometric jet-type condenser is now universally used in vacuum 
distillation to condense steam and at the same time create part 
of the vacuum. In this type of condenser, the vapor and the 
cooling medium are intimately mixed by high-pressure jets, and 
heat is exchanged by pure mixing or conduction. Theoretically, 
heat transfer by mixing is 100 per cent perfect and is the cheapest 
means of transferring heat. For ordinary condensation, jets 
have not been used extensively, perhaps because of the tendency 
of water to form emulsions with oil. The Fleming jet condenser 
(patented) is an example of the jet-type condenser, and almost 
all manufacturers build barometric condensers. 

The use of air-cooled condensers and partial condensers for 
the separation of products that have different boiling-ranges has 
been discarded almost entirely in American practice. An 
exception is the use of partial condensers for the separation of 
Wax distillate and gas oil in modem vacuum plants. In this 
case, the separation of wax distillate and gas oil is purposely not 
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exact. Furthermore, partial condensers can easily be placed 
near the tower, and the more quickly the large volume of the 
vapor can be eliminated the less is the pressure-drop in the vapor 
line. 

HEAT EXCHANGERS 

Heat exchangers are built in a multitude of structural types. 
The primary aim in all of these designs is to obtain a high trans¬ 
fer rate without excjeeding the allowable pressure-drop. Some¬ 
times the pressure-drop is not important, as in pumping a 
charging-stock through a number of exchangers into a pipestill or 
in withdrawing hot liquids from a high-pressure process. How¬ 
ever, very often the only pressure that is available with which to 
force the material through the exchangers and coolers is the static 
head of the fluid above the storage tank. Of course, pumps can 
be installed, but other factors such as the cost of power and the 
expense of upkeep, which are involved with all moving equipment, 
prohibit the use of pumps in many circumstances. In the rest 
of the chapter it will become apparent that an exchanger for a 
specific service can be built in a large number of ways. The 
liquid velocity may be varied on both sides of the heating surface, 
and various structural differences such as the type of shell- 
baffles, routing of the liquids, and other features, all have a 
definite effect on the over-all transfer rate and the pressure-drop. 
Some arrangements are less expensive than others, and it 
behooves the designer to find, or at least approach, the most 
economical combination of these factors. 

Number of Passes. —In order to obtain a high velocity, it is 
usually necessary to arrange the flow of liquid through the tubes 
so that the fluid passes through one section of tubes and then 
returns through another section of tubes. As many as 16 sections 
or passes have l)een used. The same effect is produced on the 
outside of the tubes by means of baffles. In the past, exchangers 
have been built with as many as six liquid passes outside the 
tubes and even more passes within the tubes. Today, most 
manufacturers agree that two or at the most four passes of the 
liquid through the shell (shell-side of exchanger) are desirable and 
that multiple-passes of more than six on the tube-side are 
undesirable. If more passes are used, the conditions of true 
countercurrent flow cannot be attained and the mean temperature 
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difference and total heat transferred may be decreased even 
though much higher shell and tube velocities are maintained. 
Occasionally, conditions are encountered in which crossing of the 
^ temperatures of the two liquids tends to occur. As exceptions, 
multiple tube-passes are an advantage if several exchangers are 
used in series and in the case of vapor condensers. 

In an attempt to obtain true countercurrent flow, some refiners 
require single-pass exchangers for all services. In this extreme, 
the cost of several small shells, as against the cost of fewer large 
shells with several passes, is great, and particular!}^ so if only a 
small amount of heat is transferred. From an operating stand¬ 
point the single-pass exchanger has many advantages and theo¬ 
retically is the ideal arrangement. Some of these advantage.*? 
are as follows: 

1 . (>>iintercurrent flow is attained. 

2 . Cleaning is facilitated because one unit at a time (^n be removed from the 
system and cleaned without markedly interrupting continuous operation 
or changing the operating conditions. 

3. For the same reason the repair of leaky tubes is facilitated. 

4. Small tube bundles can be more easily removed and more easily flushed 
or cleaned. 

o. Large multiple-pass units are bulky and cannot be easily installed and 
r removed. In the case of vacuum partial condensers, the weight of the 
several tmits of condenser often amounts to over 50 tons. This great 
bulk at a height of 40 ft. or more is indeed awkward. 

Countercurrent Flow. —One of the troubl(‘some difficulties in 
heater de.sign is to compute or estimate the average temperature 
difference^ that exists in multiple-pass exchangers. The most 
simple manner of approach is to compute the logarithmic mean 
temperature difference and apply correction factors. If a change 
of state occurs on either side of the exchanger, this method is not 
satisfactory and a more detailed method as explained under the 
^ heading of condensers should be used. As an approximation, 
fractions of the logarithmic mean temperature difference are 
suggested as shown in Table 53. These data were taken from 
the work of W. M. Nagle^ and others. 

‘ Mean Temperature Differences in Multipass Exchangers, Ind, Eng. 
Chern., 26, 604 (1933). 

* Bowman, R. A., Ind. Eng. Chem., 28, 541 (1936). 

* Fischer, F. K., Ind. Eng. Chem., 80, 377 (1938). 

*Tbn Brobck, H., Ind. Eng. Chem., 80, 1041 (1938). 
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R = 


Tx-Ti 

— t\ 


v([here T\ = temperature into shell, deg. F. 

Tt = temperature out of shell, deg. F. 

<1 = temperature into tubes, deg. F. 

<2 = temperature out of tubes, deg. F. 

Table 53 . —Fraction op Mean Temperature Difference Attained 
IN Multipass Exchangers 


tt - h 

Ti - <1 

Bingle-paafl shell 
multipaas tiibcH for these 
values of R 

2-sheIl passes 

4 or more tube ]>asses for 
these values of R 

4-Hhell passes 

8 or more tube pusses 
for these values of R 


4 

2 

1 

0.5 

0.1 

4 

2 

1 

0.5 

0.1 

4 

2 

1 

0.5 

0.1 

0.10 

0.08 

1.00 

1.00 

1.00 

1.00 

l.OO 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

0.15 

0.95 

0.90 














0.20 

0.83 

0.97 




0.96 





1.0 





0.25 

0.00 

0.94 

0.99 



0.55 

0.99 




0.85 





0.30 


0.88 

0.97 



0.00 

0.97 




0.00 

1.0 




0.35 


0.74 

0.95 

0.99 



0.94 





0.99 




0.40 


0.00 

0.92 

0.98 



0.88 

0.99 




0.98 




0.45 



0.88 

0.96 



0.65 

0.98 




0.93 




0.50 



0.80 

0.94 

1 * , . . 


0.45 

0.96 

0.99 



0.46 

1.0 



0.60 



0.35 

0.88 

0.99 


0.00 

0.90 

0.97 



0.00 

0.98 



0.70 



0.00 

0.73 

0.98 



0.71 

0.94 




0.94 

0.99 


0.80 




<0.30 

0.94 



<0.30 

0.88 

0.99 



0.80 

0.97 


0.90 




0.00 

0.85 



0.00 

0.62 

0.97 



0.00 

0.93 

1.0 


Selection of Material through Tubes.—If one liquid is more 
viscous than the other, it should preferably be sent through the 
shell where turbulence can be obtained by the use of baffles. For 
the same friction loss, the over-all transfer rate is increased more 
than by sending the material through the tubes. If the volume 
of one liquid is much smaller than the volume of the other, the 
material should be sent through the shell and again by the use 
of close-spaced baffles a greater transfer of heat can be obtained 
with a minimum pressure loss. This is particularly true for 
the orifice-type baffles that will be discussed later. Very small 
tubes or a large number of passes would be required if the small 
volume were sent through the tubes, but neither of these two 
methods of increasing the rate of heat transfer is considered 
good practice. 
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The tubes of an exchanger can be easily built to withstand high 
pressures, and hence, if possible, fluids under high pressure are 
routed through the tubes. Shells are normally constructed of 
« cast iron, and to build steel shells greatly increases the cost. 

If coke or sediment may be deposited, the fluid should be sent 
through the tubes because they can be easily cleaned. Further, 
if the fluid is corrosive, special corrosion-resistant tubes can be 
obtained at a cost far below the cost of corrosion-resistant 
shells. 

Obviously, materials that must occupy a large volume, such 
as gases or condensing vapor, should be routed through the shell 
so that structurally the passage can be large enough to avoid high 
velocities and prohibitive pressure-drops. 

Water, used as the final cooling agent, is usually passed through 
the tubes because scale will be deposited and the tubes can be 
more easily cleaned. 

Baffle Arrangements.—Baffles are widely used to increase the 
turl)iilence and film-transfer rate on the outside of the tubes. 
With the more widespread use of exchangers that have only a 
few passes on the tube-side, the baffle arrangements have become 
somewhat standardized. With multiple passes on the shell- 
side, the number of possible baffle arrangements becomes so 
large that they cannot be discussed, but for exchangers having 
only one or two passes on the shell-side the following standard 
baffle types are generally recognized: 

1. Cross Flow, Alternate Circular Ports and Annular Spaces 
(Fig. 123a). Half-moon or Cutout (Fig. 1236).—This type of 
baffle imparts a zigzag flow back and forth across the tubes. 
Obviously, dead-spaces cannot be avoided (Fig. 123o and 6), but 
pressure-drops are comparatively low with this type of baffle. In 
general, this type is valuable for viscous fluids if only a small 
pressure-drop is permissible. 

2. Orifice (Fig. 123c).—This type is built as oversize holes or 
ports through the baffle sheet. The tubes fit loosely in the holes, 
and the fluid is thus forced to scour the tube wall. Thus far, this 
type has proved to be one of the most effective means of increas¬ 
ing the film coefficient on the shell-side, but it has the disadvan¬ 
tage of causing a comparatively large pressure-drop. This type is 
particularly suited for use with light liquids under ordinary 
pressure heads. 
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3. Spiral Flow (Fig. 123d).—This type imparts a spiral flow tc 
the fluid so that it crosses the tubes besides traveling longi¬ 
tudinally. The baffles are either continuous spirals or separate 
baffle plates, so placed that the liquid is directed into circular/ 
flow. The fluid suffers a friction loss by scouring the shell, and 
the turbulence created at the shell surface is not effective in 



(ci)Portcind Annular (b)Half“Moon 

Space 



(c) Orifice (d)5pinal Flow 

Fig. 123.—Types of baffles for the shell side of small exchangers. 

causing heat transfer. In other words, the liquid tends to 
by-pass in the space nearest the shell and thus fails to transfer 
heat. The tube bundles must be easily removed, and hence the 
baffles must not fit the tubes closely. In this type a large amount 
of liquid fails to move spirally because of by-passing. This is not 
altogether a disadvantage because the baffle thus acts partly as an 
orifice baffle. 






EXCHANGERS, COOLERS, CONDENSERS 


395 


The closer the baffles are spaced the greater the turbulence 
and heat transfer. The pressure-drop increases at close spacings 
but not in proportion to the increased transfer rate. However, 
spacings of less than 6 in. are seldom used because of the difficulty 
encountered in cleaning the outside of the tubes. Exchangers in 
use today have spacings of 3 to 18 in. 

Impingement baffles are placed at points that may be eroded 
by the velocity of the fluid. Usually these baffles are used only at 
the fluid entrance point, but at aii}^ point where the fluid sud¬ 
denly changes direction impingement plates are recommended. 
Tubes in vapor condensers have been entirely severed by erosion 
in a few months of operation. 

Longitudinal baffles are sometimes used, but their use is gen or- 
^ ally limited to vapor exchangers and condensers. In long small- 
diamcter exchangers the longitudinal baffle provides too much 
area for by-passing and efficiency is sacrificed thereby. 

If severe corrosion takes place on the shell-side or if the fluid 
contains large amounts of suspended matter, baffles may be a 
liability rather than an advantage. Removal of the baffles 
decreases the transfer rate, but a large amount of dirt in the stock 
may decrease the rate more than the removal of baffles. With no 
^baffles the probability of plugging the shell-side is greatly 
decreased. 

Tubes and Tube Spacing.—Tubes of % to 1>2 in. outside 
diameter are used. In the past, and %-in.-diameter tubes 
were extensively used; but they often became plugged, and the 
outside could not be easily cleaned. Hence the use of and 
l-in. tubes is now almost standard practice. For tubes above 
1 in. in diameter, thicknesses of 10 to 16 B.w.g. are common, and 
for smaller sizes the thickness ranges from 12 to 18 B.w.g. Owing 
to the more vigorous cleaning methods that are now employed, 
♦the thicker tubes are more in demand. 

The tubes are usually spaced at 3^^ to % in. clear space from 
adjacent tubes and in an equilateral-triangle arrangement. 
Exchangers built with closer tube spatang are not ac(*essible for 
cleaning. Later in the chapter the importance of frequent tube 
cleaning will be discussed. For severe fouling conditions, a 
square pitch arrangement with wide spacing is suggested, 
although for regular service the diamond or equilateral-triangle 
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arrangement is the standard. A diamond pitch allows the tubes 
to be brushed on six sides. 

Tubes are usually constructed of about 0.15 carbon steel, 
but in processing high-sulfur or salt-bearing crude oils, steel is 
rapidly destroyed by corrosion. For sulfur corrosion, 5 per cent 
chromium steel or 18-8 chrome-nickel tubes may be used. For 
acid corrosion, admiralty metal, a 70-29 brass containing 1 percent 
tin, is recommended. Admiralty metal is slowly destroyed by 


Tabi.e 54. —Standard Condenser Tube Data 


0. D. of 
tube, in. 

No. 

gage, 

B.w.g. 

Weight 

per 

lin. 

ft., lb. 

Thick¬ 

ness, 

in. 

I. D., 
in. 

Surface 

sq. 

Per 

lin. 

ft. 

outside, 

ft. 

Per 

lin. 

in. 

Surface 

inside 

per 

lin. ft., 
sq. ft. 

Inside 

sectional 

area 

per tube, 
sq. in. 

Velocity 
lor 1 
gal. per 
min., ft. 
per sec. 


14 

0.520 

0.083 

0.459 

0.16362 

0.01364 

0.1205 

0.165 

1.98 

H 

16 

0.421 

0.005 

0.495 

0.16362 

0.01364 

0.1299 

0.193 

1.633 

18 

0.326 

0.049 

0.527 

(3.16362 

0.01364 

0.1382 

0.218 

1.472 


20 

0.238 

0.035 

0.555! 

0.16362 

0.013641 

0.1455 

0.242 

1.328 


1 

14 

0.64 

0.083 

0.584 

0.19365 

0.01637 

0.1630 

0.268 

1.20 

H 

16 

0.614 

0.065 

0.620 

0.19365 

0.01637 

0.1627 

0.302 

1.069 


18 

0.306 

0.049 

0.662 

0.19366 

0.01637 

0.1706 

0.334 

0.9617 


12 

1.12 

0.109 

0.782 

0.26180 

0.02179 

0.206 

0.479 

0.67 

t 

14 

0.88 

0.083 

0.834 

0.26180 

0.02179 

0.2183 

0.6463 

0.586 

1 

16 

0.700 

0.065 

0.870 

0.26180 

0.02179 

0.2279 

0.696 

0.640 


18 

0.640 

0.049 

0.902 

0.26180 

0.02179 

0.2360 

0.638 

0.503 


10 

1.73 

0.134 

0.982 

0.32708 

0.02725 

0.258 

0.757 

0.424 


12 

1.44 

0.109 

1.032 

0.32708 

0.02725 

0.271 

. 0.838 

0.385 


14 

1.12 

0.083 

1.084 

0.32708 

0.02725 

0.284 

' 0.923 

0.347 


16 

0.890 

0.065 

1.120 

0.32708 

0.02725 

0.2936 

0.985 

0.3262 


18 

0.680 

0.049 

1.152 

0.32708 

0.02725 

0.3020 

1.045 

0.3076 


10 

2.110 

0.134 

1.232 

0.3926 

0.03275 

0.3237 

1.195 

0.2688 


12 

1.76 

0.109 

1.282 

0.3925 

0.03275 

0.3382 

1.292 

0.2488 


14 

1.36 

0.083 

1.334 

0.3925 

0.03275 

0.3500 

1.400 

0.2298 


dilute hydrochloric and sulfuric acid, but most of the neutralizers 
used for these acids do not act rapidly on it. Ammonia is the 
only one of the neutralizing agents that attacks admiralty metal 
rapidly. The mechanical properties of this alloy are impaired by 
temperatures above 500®F., although under favorable conditions 
it has been used at tube-wall temperatures of 600®F. Recom¬ 
mendations are as follows: 
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Material 

Highest working 
tube temperature, 
deg. F. 

Max. temperature difference 
between adjacent tubes, 
deg. F. 

Admiralty. 

450 

145 

Steel. 

600 

130 

Steel. 

800 

95 


In certain localities brackish cooling water cannot be avoided, 
and for such a service the tube sheets and if possible the shells 
should be constructed of the same material as the tubes, in order 
to avoid localized electrolytic corrosion. 

Shells and Heads.—Most petroleum oil exchangers are of the 
^iloating-head type. As shown in Fig. 124, the tubes are free 
to expand and contract longitudinally by pushing the floating 




* Floating head coyer 


\Channel 



'Drain 
''Shell cower 


^Channel 

Fig. 124.—Double pass through tubes, floating-head-type exchanger. No 
baffles are shown on the outside of the tubes. 


head back and forth within the shell. However, the head and 
tubes are not altogether free from stresses because the tubes that 
contain the hottest fluid expand more than the others. For this 
reason a number of floating heads in a single shell are sometimes 
employed. If the temperature difference between the two fluids 
great or, in other words, a rapid rate of heat transfer occurs, 
two floating heads are advisable. This difficulty is sometimes 
avoided by the use of several small units of exchanger rather than 
one large exchanger with several floating heads. As an example, 
the hot vapors from a cracking plant evaporator are never cooled 
with crude oil or water at normal temperatures. The crude oil 
^ must be heated by other means to approximately 300®F. before 
sending it through the vapor condensers. Such condensers are 
usually built in several units. Too cold a medium (see tabula- 
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tion, page 397) may produce stresses and cause the tubes to fail. 
Tubes lighter than 12 B.w.g. tend to fail because the joint 
between them and the tube-sheet fails. 

Cast-iron shells and heads should not be used at temperatures^ 
above 400°F. and pressures above 150 lb. per square inch. Below 
these maximum conditions, cast iron is to be preferred not alone 
because of cost but also because cast iron resists corrosion. 
Most active corrosion occurs during condensation of the vapor, 
and little action occurs after the material is completely con¬ 
densed. At higher b^mperatures and pressures, cast-, forged-, or 
welded-steel shells are used. Cast steel is not an entirely homo¬ 
geneous mat(^rial, and sometimes the manufacturer must make 
several of these large and expensive castings before a satisfactory 
shell or head is obtained. Forged-steel shells are expensive, butr 
when properly manufactured they can be used safely up to pres¬ 
sures of 1,000 lb. per square inch and at a temperature of 700°F. 
Recently the art of welding has been so improved that shells and 
particularly heads are now manufactured by machining and weld¬ 
ing heavy plat(^ steel. This method seems to be among the best 
for very higli-temperature high-pressure equipment, and the cost 
is about equal to that of forged-steel construction. 

FILM TRANSFER RATES 

The film rat(^s presented in this chapter are based primarily on 
the equations given in Chap. XIII. However, the equations 
are for cl<*an surfaces that in some cases had been polished, and 
hence the values of the film rates had to be decreased in order to 
represent commercial conditions. The magnitude of the correc¬ 
tion was estimated by a study of observed transfer rates in new, 
clean commercial equipment. In some cases approximations were 
necessary because of inadequate data, and in others it was neces¬ 
sary to simplify the cumbersome equations so that the film rak^, 
could be presented in a usable form. 

The over-all rates obtained by the film rates given herein are 
far too high for most commercial equipment, and the fouling fa<:- 
tors that are given in Fig. 128 must be used. Unfortunately, plant 
men have made no determined effort to catalogue fouling factors. 
This lack of information has led many engineers to attempt to 
correlate transfer rates without isolating a factor to care for the 
surface condition, and these efforts have been without success. 



EXCHANGERS, COOLERS, CONDENSERS 399 

■ j»^euioji-UJUJ 



ai 0.2 as 0.5 Q7 t 2 3 5 7 10 20 30 50 70 100 

Viscosity, Cen+ipoises 

Fig. 125.—Approximate film transfer rates for oils inside of %- and 1-in. tubing. A fouling factor must be applied to these rates. 
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When the transfer rates and fouling factors that are given in this 
chapter are used, the computed rates check reasonably well with 
commercial exchanger data. However, the method of evaluating 
fouling factors and dirtiness resistances, as given in the chapter, 
is by no means a finished correlation. 

In order to get the high rates given in Chap. XIII, it is usually 
necessary to clean all scale from the surface and remove the dirt 
and grease that always accumulate during handling, and in some 
cases the surface must be polished or cleaned with chemical 
solutions. 



Fio. 126.—Approximate film transfer rates for oils on the outside of tubes in 
tubular-type equipment. These rates will vary with different types of sholl 
baffles. Fouling factors must be used with these rates. 


Liquid Film CoeflBicients.—Figure 125 shows the film coeffi¬ 
cients for oils flowing in and 1-in. tubing. No correction for 
turbulence at the ends of the tubes need be applied. The size of 
tube has little effect if the viscosity is low; but if the viscosity is 
high, the size of tube is very important. If large film temperature < 
differences exist (see page 206), the viscosity at the mean film 
temperature should be used; otherwise the viscosity at the main 
body temperature of the fluid may be used without introducing 
serious errors. 

Figure 126 shows the magnitude of film coefficients for oils 
flowing on the outside of tubes. Owing to the many types of 
baffles and many possible arrangements, these shell-side rates 
cannot be exact for all exchangers. The velocity referred to in 

































EXCJSANOERS, COOLERS, CONDENSERS 401 

Fig. 126 is the mean resultant velocity of the fluid through the 
shell and baffles and between tubes. 

The film-transfer rates and fouling factors presented in this 
chapter have been checked against the commercial operation of 
75 exchanger installations,® which include nearly all types of 
equipment. Although the average percentage error of the com- 


Table 55.— Transfer Rates for Water 


Velocity 

Rate 

Notes 

Inside 

Outside 



50 

Natural-convection, pipe coil (small eouip- 
ment) 



no 

Natural-convec^tion, ribbed sections (small 
equipment) 

0.5 

180 

170 

Natural-convection (commercial), small 
temperature difference 

1.0 

230 

200 

Natural-convection outside coils (commer¬ 
cial conditions) 

2.0 

350 

280 

Forced circulation 

4.0 

560 

400 

Forced circulation 

6.0 

660 

500 

Forced circulation 


puted transfer rates as compared to the actual rates is only 
+4.25 per cent, 30 of the computed rates were low by an average 
of 10.4 per cent and 45 were high by an average of 11.2 per cent. 
In a few instances, primarily in light oil condensers and coolers, 
the percentage error in the computed transfer rate exceeded 
25 per cent and in one instance was 87 per cent high.® Light oil 
equipment is most difficult to handle because of the presence of 
steam and gases and because the degree of fouling cannot be 
^accurately estimated. By leaving out the 8 exchangers that 

® Nelson, W. L., Oil Gas Jan. 19, 1939, p. 40; and July 4, 1940, p. 32. 

* To the novice or to the scientist, these variations may appear to be 
excessive. It might be pointed out, however, tliat the source of most of the 
data studied in Reference 5 was studies of commercial installations that 
had failed to meet the guarantees of the equipment manufacturers. In 
most instances the guaranteed rate was high by 10 to 100 per cent. In the 
opinion of the author, these discrepancies are due primarily to a lack of 
cleanliness in refining operations and to failure on the part of manufacturers 
to design for long-time operation rather than for the initial operation under 
clean conditions. 
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showed an error over 25 per cent, the average percentage error is 
zero and the average deviation plus and minus is —9.4 and +6.25. 

Table 55 summarizes the water film coefficients for coolers and 
condensers operating at normal water and oil temperatures. 

F. L. Kallam’' has studied the film transfer rate on the outside 
of tubes that are being cooled with water when the water drips 
or is sprayed on the tubes. He recommends the following equa¬ 
tion for the water film coefficient for the outside of tubes: 


K = lOOiV® os 


^0.3(p _ 


(76) 


where N = number of tub<>-rows high. 

(r = weight of spray water that strikes cooling surface, 
lb. p(*r hr. 

L == length of tubes exposed to water, ft. 

B = width of tube bundle exposed to water, ft. 

D = outside diameter of tubes, ft. 

Z = absolute viscosity of spray water at logarithmic mean 
temperature of water on and off cooling surface, 
centipoises. 

P = tube spacing in horizontal plane, ft. 

V = vertical distance between tubes, ft. 

W = G/LB 

Fouling factors must be applied to the rates by this equation. 

Velocity on the Outside of Tubes.—Fundamentally, the 
velocity in the tubes and in the shell is dependent upon the 
pressure-drop that can be permitted. However, the computation 
of press\ire-drop is so complicated, particularly on the shell-side, 
that pressure-drop cannot be used as the logical basis of design. 
The computation or estimation of the velocity on the shell-side 
is also difficult. The following derivation for an exchanger 
having one pass through the shell illustrates how the velocity on 
the shell-side can be estimated: 

Let n = number of baffies. 

X = distance between baffles, in. 

D = diameter of exchanger, ft. 

L = length of exchanger, ft. 

N = number of tubes. 
d = diameter of tubes, ft. 

^ Kallam, F. L., private communication to the author, 1939. 
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h = height of baffle, ft. 

F = volume of feed, cu. ft. per sec. 
V = velocity, ft. per sec. 
Approximate average distance of travel: 


Travel = L + 


nh 

bT67 


The 0.707 factor corrects for the 45-deg. cross flow of the liquid as 
it travels between tubes spaced in an equilateral-triangle arrange¬ 
ment. At very low velocities the travel more nearly equals 
(L + nh) divided by 0.707. 

The time in the exchanger is a constant that is equal to the net 
internal volume between the shell and the tubes, divided by the 
• volume of the feed. 

Time = 

F 

y _ travel _ {L + \A\nh)F 
time “ 0.785Z(Z)'- iVrf’') 
or 

0.785FL(Z>2 _ jslfP) _ IP 

^ “.. 1.41M 


^ The spacing of the baffles may be computed for a known 
velocity and tube arrangement by noting that 

= 12L 
n 
or 

16.9AF 

^ Nd-‘) - F 

Similar derivations can be prepared for multipass shells. The 
main inaccuracy of such derivations lies in the fact that certain 
parts of the path of liquid flow remain almost stagnant whereas 
^the velocity is high at other parts and that leakage occurs past 
the baffles. To some extent, however, the low- and high-velocity 
areas tend to counterbalance one another, and the leakage past 
the baffle is at such proximity to the heat-exchange surface that 
it may increase the rate of transfer in spite of the lower velocity. 
Similar equations of average velocity have been used by Short, 
y Stack, and Perrone.® 

*Shokt and Stack, Oil Gas May 10, 1934, p. 115; and Perrone, 
S. A., Oil Gas Mar. 28, 1935, p. 71. 
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In general, for cross-flow baflies on the shell-side and when the 
same volume of liquid is handled through the shell and through 
the tubes, the following approximate velocities will result: 



Tube 

Velocity in 


passes 

Tubes 

Shell 

No cross baffles. 

1 

1 

0.2-0.4 

No cross baffles. 

2 

1 

0.1-0.2 

Normal cross baffles. 

2 

1 

1.5-3.0 

Large number of baffles.' 

2 

1 

2.5-5.0 




For other than a 1:1 ratio of fluids, the preceding approximate 
velocities can be corrected by simple arithmetic ratios. 

Condensing Petroleum Vapors.—Many factors are involved in 
the film condensation coefficient of vapors and mixtures of vapor 
and noncondensible gases. In addition to the common variables 
(Chap. XIII), the latent heat and the temperature difference 
across the film arc significant. Equations for condensation 
coefficients have been studied by several investigators,and 
these references must be consulted for experimental or theoretical 
studies. For most commercial work the rates given in Table 56 ‘ 
are satisfactory. 


Table 56.— Film Coefficients, Condensing 

B.t.u./(deg. F. diff.)(sq. ft.)(hr.) 


Material 

No steam 

With steam, but steam not condensing 
in same temperature range as vapor 

Natural gasoline. 

1 210-250 

170-210 

Gasoline. 

180-220 

130-170 

Kerosene. 

150-19C 

100-120 

Gas oil. 

13a-180 

60- 70 

Wax distillate. 

110-160 

50- 60 


If steam condenses with the vapor, an average coefficient can 
be computed^® by determining the condensation coefficient for 

* McAdams, W. H., *‘Heat Transmission,” p. 256, McGraw-Hill Book 
Company, Inc., 1933. 

^^Kirkbridb, C. G., Ind. Eng. Chem.y 25, 1324 (1933). 
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each of the pure materials and then combining the two coefficients 
in proportion to the amount of heat that is delivered from each 
material. Kirkbride^® also discusses the effect of permanent 
gases on the condensation coefficient. 

The variation in the coefficients found in^Table 56 is due mainly 
to the temperature difference across the film. If the temperature 
difference is large, the rate is low; and if it is small, the rate is high. 
This is due to the accumulation of a thick film of liquid at high 



Fia. 127.—Film transfer rates for cooling or heating gases and vapors on the 
outside of tubes. A fouling factor must be applied. 


rates of condensation. In parts of the condenser in which no 
vapor remains and liquid stands about the tubes, the transfer 
rate is very low and probably does not amount to more than 
^30 to 50. 

Pure steam condenses at a rate of about 2,500, but in the pres¬ 
ence of liquids and small amounts of vapor, as in a distillate con¬ 
denser, the rate probably does not exceed 400. 

Cooling Vapors without Condensation. —Scattered data on 
commercial vapor coolers indicate that the film rates are some- 
f what as shown in Fig. 127. The mass velocity that is used as 
one axis in this figure can be most easily computed by multiplying 
the linear velocity, in feet per second, by the density expressed 







400 PETROLEUM REFINERY ENGINEERING 

as pounds per cubic foot. • It may be visualized as the pounds of 
material that passes a square foot of free cross section per second. 

FOULING FACTORS 

Most of the difficulties that arise in heat-exchanger design and ^ 
operation are due to an inadequate knowledge of the fouling of 
the surfaces of the equipment. Except under special conditions 
the effect of these fouling resistances can never be exactly known. 

If the stocks are exceptionally clean, if the equipment is periodi¬ 
cally cleaned, or if the condition may be carefully studied in the 
plant for several months, then it is possible to foretell with fair 
accuracy the magnitude of the fouling factor. 

In order thoroughly to understand fouling, it is necessary to 
compute film temperat\ires, wall temperatures, etc. These may * 
be computed by means of the following equation: 

AT : ATi : ATj : ^Tf : etc. = ^ ^ : etc. (77) 

Difficulties arise in applying the equation because the film trans¬ 
fer rates are not usually known until the temperature differences 
are computed. This necessitates a trial-and-error solution to 
determine the film rates and the temperature differences at the 
same time. ^ 

The great lowering of clean film rates by fouling has often led 
plant engineers to believe that something must be wrong with 
the film rates that have been published. As an example, two 
exchangers operate under such conditions that the over-all rates 
computed by the film coefficients are 125 and 25. If both 
•exchangers become fouled by the same amount, i.e., a fouling 
resistance of, say, 0.02, the over-all rates drop to 36 and 17 
respectively. The decrease in transfer rate is so large in the 
first exchanger and so little in the second that naturally the plant 
engineer felt that something must be wrong. 

The resistance due to fouling is often so small that the position 
of the decimal point may become confusing. Hence the use of 
the term fouling factor has become common. The fouling factor 
is obtained by multiplying the fouling resistance by 1,000. 
Thus, if the fouling resistance is 0.005, the fouling factor is 5. 

Classification of Fouling Conditions.—Although there are 
many individual conditions of fouling, all of them can be gen¬ 
erally classified as follows: 
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1. Hard Deposits ,—Examples of this type of fouling are water 
scale, corrosion scales, rust, and hard coke. In general, the 
thickness and resistance of these deposits increase with time and 
nearly directly proportional to time. They cannot be effectively 
removed by blowing with steam or by flushing with hot water, 
but some of them can be removed by the use of chemicals. The 
chemical solution may be pumped through the equipment, but 
sometimes the tube bundle is removed and dipped into a vat 
that contains the chemical.The usual manner of removing 
hard deposits is by the use of cleaning tools and brushes. The 
resistance offered by hard, dense deposits is directly related 
to the conductivity of the material composing the scale. 

The rate at which fouling occurred in a particular napl.tba 
condenser, cooled with water, is given by Samans.*^ 
decrease in rate and the corresponding fouling factors are given 
in Table 57. 


Table 57.— Foultnc op a Xaphttta Condenser 


Days 

Not (4can(3d 

Blown with steam, and 
blown daily after 18th day 

Transfer 

rate 

Fouling 

factor 

Transfer 

rate 

Fouling 

factor 

1 

50 

0 

50 

0 

2 

44 

2.7 



4 

40 

5.0 



6 

37.5 

6.7 



10 

33 

10.3 



14 

29.4 

14.1 



20 



34 

9.4 

30 



32.4 

11.0 

50 



30.0 

13.5 


In another naphtha condenser (water cooled) the following 
data were recorded: 


Days after Cleaning 

Transfer Rate 

2 

39 

4 

* 33.2 

7 and 8 

28.7 


“ Anon., Cleaning Refinery and Gasoline Equipment, Ref. Nat. Gaso. 
Mfr., August, 1933, p. 340. 

A.S.M.E. Section Meeting, May, 1933. 
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2. Porous Deposits ,—These deposits often consist of essentially 
the same materials that compose the hard deposits. In addition, 
coke or carbon may be deposited from fluids such as topping-still 
bottoms, asphalt or tar from vacuum plants, or cracking-still 
bottoms. Scale-forming mud and dirt may be deposited from 
water or from crude oil. Frequently the scales caused by cor¬ 
rosion are porous but not loose enough to be removed by blowing 
with steam. These deposits may be more serious than hard 
scales because the fluid contained in the porous material usually 
has a lower condu(;tivity than the hard skeleton of the scale, and 
thus the over-all conductivity is low. 

Sieder’^ presents data showing the rate at which one type of 
porous deposit was accumulated. An evaporator was operated 
with steam on the outside of the tube bundle, and a mixture of 
oil and water containing lint, in the tubes. The lint was deposited 
at a rate directly i)roi)ortional to time. At 13 hr. the fouling 
factor was about 2; and if the deposit had continued to grow 
at the same rat(', it would have caused a factor of 20 in about 
b ]/2 days. However, it is not to be inferred that porous scales 
are deposited at a rate directly proportional to time. The 
deposit described by Sieder might dislodge itself after attaining 
a greater thickness and hence might properly be classed as a loose 
deposit. Both the hard and the porous deposits can be removed 
to some extent by the use of bent-tube sections. These sections 
consist of a bank of condenser tubes (usually in an open box) 
which are bowed slightly during manufacture so that as heating 
and cooling occurs, they bend and cause the scale to loosen. 

3. Loose Deposits .—Examples of this type of deposit are silt, 
mud, soot, powdered coke, leaves, or vegetable fiber. Many of 
these can be removed by swabs or brushes, and some can be 
effectively removed by blowing with steam or air or by flushing 
with hot water. The resistance caused by these deposits is not 
greatly dependent on the material composing the deposits but 
rather upon the liquid that is trapped within them. As far as 
decreasing the rate of transfer is concerned, loose deposits may be 
more effective than Other types. Hard scales, and sometimes 
porous deposits, are usually so tightly fastened to the surface that 
they are affected little by a high velocity, but many loose deposits 
can be almost completely removed by maintaining a velocity 
higher than 4 ft. per second. 

Oil Gas J., May 10, 1934, p. 104. 
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The effect of blowing with steam, even for a fairb^ tight scale, 
is illustrated in Table 57. The condenser showed a better rate at 
50 days, when blown with steam, than it did at 14 days if no blow¬ 
ing was practiced. 

Fouling factors can be computed from the thickness of the 
scale of dirt if the thermal conductivity of the deposit is known. 
Not much information on the conductivity of scale materials has 
been recorded because of the great variation in types and densi¬ 
ties of deposits. Some information from the Tubular Exchanger 
Manufacturing Association^^ and other references'^ is shown in 
Table 58. 


Table 58.—Thermal Conductivity op Refinery Solids 


Material 

Condition 

Conductivity, 
B.t.u. X it./ 
(deg. F.)(8q. 
ft.)(hr.) 

1. Carbon. 

Lampblack 

Graphite-compressed powdcT 
(passes 100 mesh) 

Coke-solid 

0.038 

2. Carbon. 

3. Carbon. 

0.103 

0.476 

4. Carbon. 

Amorphous 

Diamond 

2.46 

5. Carbon. 

75.00 

6. Carbon. 

Cracking coil coke 

3 25 

7. Soil. 

Wet 

0.386 

8. Soil. 

Dry 

0.075 

9. Portland cement.... 

0.173 

10. Iron sulfide . . . 


4.1 

11. Lube.. 

Refined 

0.083 

12. Asphalt. 

No mineral aggregate 

0.097 

13. Road asphalt 

0.425 

14. Paraffin wax. 


0.136 

15. Boiler scale. 

An average of many t(\sts 

1.43 




Commercial Fouling Factors.—The magnitude of commercial 
factors can be best approached by means of a chart. Figure 128 
.shows factors that were obtained in commercial equipment. The 

’^Standards, Tubular Exchanger Section, 366 Madison Avenue, New 
York, N. Y. 

Nelson, W. L., Fouling of Heat Exchangers, Ref. Nat. Gaso. Mfr., July, 
1934, p. 271. 

** Nelson, W. L., Fouling Factors in Heat Transfer Equipment, R^f. Not. 
Gaso. Mfr.j August, 1934, p. 292. 
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lines in the figure are merely boundaries of the several conditions 
of fouling. It would be more convenient to draw average curves 
for each condition, but to draw such a definite relation would be 
misleading. The desire of every engineer is to have definite 
fouling factors so that the responsibility can thus be lifted from 
his shoulders. This would be a restful solution to this trouble- 



This chart shows the individual factors for each side of a surface, and hence, in 
the usual case, two factors must be added together to obtain tlie total fouling 
factor. 

some problem, but such a solution will probably never be possible. 
Each condition of fouling is a new condition and can be met only 
by the judgment of the designer. 

The lowest area in Fig. 128 is hardly applicable to any com¬ 
mercial situations except perhaps distilled water or other filtered 
clean stocks. The next higher area applies to well-serviced 
equipment operating on commercially clean stocks, and the fac¬ 
tors shown would generally be considered as minimum com- 
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mercial fouling factors. The next area shows factors that 
unfortunately apply in many refineries or in situations in which 
the equipment is not cleaned except at shut-down periods. The 
upper area involves such conditions that heat-exchange is not 

Table 59.—Miscellaneous Foulinci Factors 

Fouling Factor 


Gases: 

Steam. none 

Steam (exhaust). 5 

Vapors, refinery. 3-6 

Vapors from cracking (‘vaporator. 0-10 

Natural gas and air. 1.5-4 

Commercial oils: 

Fuel oil. 0.5-1 

Lube, recirculatf'd. 1- 3 

Quenching oils. 4 -0 

Asphalts and resins. 10-15 

Water: 

liefrigeration brine. 1- 2 

Sea water. 0.5-3 

Brackish water. 1-4 

Muddy or silly water. 2-8 

Spray pond water, untreated. 3-8 

Open type cooler water. 2-7 

City or well water (as Great Lakes). 1- 3 

Hard (over 15 gr, per gal.). 3-7 

Treated boiler feed water. 0.5-3 

River water, minimum. 1-3 

River water, Miss., Del., ) 

River water, Schuylkill, Fast River, >. 2-5 

and New York Bay ) 

River water, Chicago Sanitary Canal. 0-13 

Gasoline plants and debutanizer: 

Gases. 0.5-2 

Absorption oils. 1-5 

Gasoline. 0.5-1 

Solvent plants, treating and dewaxing: 

Feeds. 1-3 

Solvents. 1-2 

Gums, asphalts, resins, etc. 10-20 

Oil-wax cooling. 3-20 


economical but may be unavoidable as in cooling wax-stocks or 
heating oils in pipestill tubes. 

The fouling factors given in Fig. 128 are for one surface only ; 
t.c., two factors must be obtained, and the sum of the two is 
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the total fouling factor. It is diflScult to isolate the fouling factor 
for each side of the surface, but to isolate the factors does allow 
the application of judgment in a sound manner. The fouling 
factor may be estimated as follows: 

An exchanger is to cool a clean wax distillate (480 to 280°F.) in 
the tubes (3.7 ft. per second) by means of crude oil. The crude 
oil is heated (160 to 230°F.) on the outside of the tubes (1.8 ft. 
per second). The exchanger will be blown with steam once a 
week. The factor for the tube-side will be about 3 because the 
stock is clean and the velocity is fairly high. The factor for 
th(» shell-side will be about 4 because the velocity is high and the 
crude oil do(^s not contam a large amount of dirt. Both of these 
factors are lower than normal because of periodic cleaning with 
sU^am. The total factor will be about 7. If the exchanger were 
not blown with steam, the factor might be 10 or 11. If the wax 
distillate were cooled with water, a wax film would be produced 
and the total factor might be 25 or even higher. 

The fouling factors shown in Fig. 128 are for liquid petroleum 
oils. Vapor, water, and special situations cannot be plotted on 
such a diagram, and hence Table 59 from the Tubular Exchanger 
Manufacturing Association,^^ Kallam,® and personal data of the 
author is suggested. 

Example 62, Transfer Rate for Exchanger.—Kerosene is to be cooled 
from 400 to SOOT, by means of 35 A.P.I. crude oil. The crude oil rises 
in temperature from 270 to 285®F. The exchanger has %-in. tubes. The 
crude oil is relatively clean so t hat little dirt settles from it, and the exchanger 
will be blown with st(iain each month. T'he conditions are as follows: 


Place 

! 

Material 

Viscosity, 

centi- 

poises 

Approx. 

film 
temp., 
deg. F. 

Velocity 

No. 

passes 

Shell. 

Crude oil 

0.6 

280 

1.5 

2 

Tubes. 

Kerosene 

0.3 

340 

3.2 

4 




Tlie film transfer rates (Figs. 125, 126) are 390 for the kerosene and 127 
for the crude oil. The fouling factors will be about as follows: 


Shell (crude) factor of. 3.0 (Fig. 128) 

Tubes (kerosene) factor of. 2.0 

Total fouling factor. 5.0 


H 27 4" + 0.005 


Over-all transfer rate * H 
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Without periodic cleaning, the rate might be 

K 27 H“ H 90 + 0.009 
At a duty of 550,000 B.t.u. per hr., the surface is 


log mean temperature difference = 63° (Fig. 65) 
The moan temp, difference requires no correction. 


Surface ~ 66 X 6 3 ” factor = 145 sq. ft. 

Example 63. Transfer Rate in a Steam Heater. —A tank of fuel oil, 
13 A.P.I., 60 viscosity at 210°F., is to be heated from 60 to 110°F. by means 
of a steam coil. The oil has a pour-point below 60°F. The oil stands in 
the tank and circulates only by natural-convection. Exhaust steam is used, 
and it leaves the coil at atmospheric pressure but not cooled below 212°F. 

The problem is complicated by the fact that the velocity of the oil must 
be estimated and because the operation is not continuous. The oil if’ at 
60° at the beginning and ends, after a length of time that depends upon 
the amount of surface used, at 110°F. 

Average temperature of oil is approximately 


60 + 110 
2 


85°F. 


Approximate film temperature, 

0.9r.X(212-85)^g3^,4g.^, 

Viscosity of fuel oil at 148°F. (Fig. 48) = 25 centipoises 


Velocity at heating surface (estimate) is probaldy less than 0.3 ft. per 
sec. (Table 55). Film transfer rate (P'ig. 126) is about 20. 

The oil is relatively clean, or it could not be used as a fuel oil, and hence 
the approximate fouling factors are 


Steam.. 
F'uel oil, 
Total 


H 


1 


^ + i +00085 


17 


1.5 
7 ^ 

8.5 


If the heater is to heat the oil in 1 hr. and the duty is 200,000 B.t.u., the 
surface is 


Larger difference = 212 — 60 = 

Smaller difference = 212 — 110 = 


log mean temperature difference 

, 200,000 

A - - - 


17 X 125 


94 sq. ft. 


152 

102 

125 


With a 40 per cent factor to allow more rapid heating, the surface is 132 
sq. ft 
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FWCTION LOSSES IN EXCHANGERS 


The friction loss through an exchanger is often the governing 
factor in exchanger design. However, because of the large 
number of possible arrangements, particularly on the shell-side, 
the formulation of exact equations is difficult. The loss in pres¬ 
sure on the inside of the tubes can be computed with fair accuracy 
by the general formulations given in Chap. X, but the losses 
caused by enlargements, contractions, and turns must be included 
in the calculations. 

Short and Stack^ have studied the pressure losses on the shell- 
side of a small commercial exchanger. Half-moon-type baffles 
were used. They found that the friction factors could be cor¬ 
related by Reynolds' criterion (Fig. 53) but that the curve 
was a little lower than that given for copper pipe. However, 
it is ne(;essary to use a special average velocity and an equivalent 
diameter. They suggest that u^y the average velocity, be com¬ 
puted as follows: 




(N - l)Au\ 
B 


+ ul 


where N = number of baffles. 

A = distance between baffles. 

B = horizontal length of flow. 

Ui = velocity perpendicular to tubes, ft. per sec. 

U 2 = velocity parallel to tubes, ft. per s(m*. 

The equivalent diameter D' can be computed by the following 
empirical formula: 

N 


where = O.D. of tubes, in. 

Z), = I.D. of shell, in. 

By the use of these equations and approximate friction factors 
from Fig. 53, the friction loss can be computed as follows: 

fpLul 


Ap = 


24gD' 


( 78 ) 


where Ap = lb. per sq. in. 

/ = friction factor (Fig. 53). 
p = density of liquid, lb. per cu. ft. 

L = length of passage measured along tubes, in. 
g = gravity constant, ft. per sec.^ 
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This equation applies to only the one arrangement of baffles, etc., 
as used in the experiments, but doubtless it can be used with fair 
accuracy for other arrangements. The foregoing formula does 
not account for leakage of oil through the tube holes in the baffle. 

A similar equation is presented by Seider and Scott, Jr.,^^ but 
it applies only to tube bundles that have no baffles. 

The friction losses for liquids flowing on the outside of tubes 
through a single unit of exchanger may be estimated from the 


following: 

Lb. per Sq. In. per 
Liquids Ft. of Direct Triivel 

Light oils: gasoline, kerosene, and hot gas oil. 0.04 -0.8 

Crude oil, gas oil, light lubes, and hot lubes. 0.1 -1.1 

Viscous stocks. 0.3 -1.6 


The range is caused by the different velocities that are used. The 
low values are for 1 ft. per second, and the high for 8 ft. per 
second. 

The pressure-drop through a vapor condenser is often the 
governing factor in design and especially so for condensers for 
vacuum systems. The Ross Hc^ater and Manufacturing Com¬ 
pany suggests the following formula:**^ 


where Ap = pressure-drop, lb. per sq. in. 

L — length of vapor travel, ft. 
u = average velocity, ft. per sec. 
s = specific volume, cu. ft. per lb. 

The constant k probably has a value of 9,000 to 13,000 depending 
upon the particular design. 

TUBULAR VAPOR COOLERS AND CONDENSERS 

Tubular equipment is frequently used to cool superheated 
vapors and to condense them by exchange with the charging- 
stock. On one side of the exchanger, usually the tube-side, the 
rates of heat transfer found in the preceding discussion are valid. 
On the other, or shell-side, of the exchanger, a new set of condi¬ 
tions arise. Vapor cooling is a straightforward problem, but the 

McAdams, W. H., “Heat Transmission,” p. 119, McGraw-Hill Book 
Company, Inc., 1933. 

Heat Exchangers, Bull. 350, 1931. 






416 PETROLEUM REFINERY ENGINEERING 

condensation of complex vapor mixtures in the presence of steam 
is indeed a complicated problem. 

Structural Design. —Fundamentally the structural design of 
condensers differs little from the design of simple liquid-to-liquid 
heat exchangers. However, ample space must be provided on 
the outside of the tubes so that prohibitive vapor velocities and 
friction losses will not occur. This problem becomes of prime 
importance in the design of vacuum condensers. In such designs, 
the friction loss must not exceed a few millimeters, and often the 
condenser is designed primarily with regard to friction losses. 
Oil vapors are the highest temjxirature materials commonly 
handled in the refinery. In order to avoid unequal expansions, 
condensers are usually built in several units so that the tempera¬ 
ture differencte across each unit of exchanger is not large. A 
temperature difference of 75°F. is considered safe. If the vapor 
is at a very high temperature, the cooling stock must be heated 
by other exchangers l)efor(‘ it is passed through the vapor con¬ 
densers. In other words, a largo temperature differential 
between tlH‘ two stocks cannot be permitted. The vapor is 
usually admitt(‘d to the to]) of the condenser so that the con- 
d(*nsat(‘, which might, (‘iitrain, is cjirried toward the litpiid lino. 
At the same tinu' tlie conch'nsate drips or flows over the remaining 
tubes. Transfer rates for such equipment are given on page 402. 

Most manufacturers have developed so-called drip-type con¬ 
densers embodying the foregoing principles. The advantages 
claimed for the drip-type condenser are 

1 . Low-pressure-drops. 

2. Less entrainment. 

3. The (rond(Misate leaves at the same temperature as the remaining \ineon- 
densed vapor, and hence little or no reheating or revaporizatioii of the 
light ends occurs. 

4. Ideal countercurrent flow is mor^ nearly approached. 

Erosion by droplets of liquid and by high vapor velocities 
requires thicker tubes than those used in exchangers. 

Film Conditions during Condensation. —The film conditions 
are different in all parts of a condenser. For convenience the 
following zones may be adopted: 

1 . Cooling oil vapor, steam, or both. 

2. Condensing vapor, cooling va|)or, and cooling the condensate. 

3. Condensing steam and cooling oil. 

4. Cooling oil and water. 
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These zones all tend to overlap. As an example, condensation 
starts soon after cooling of the superheated vapors begins; the 
cooling of vapor, steam, and condensate occurs throughout the 
condensation of the vapors; and, finally, the last vapor is not 
condensed until the steam is condensed. However, for design 
purposes it is necessary to adopt these zones and assign transfer 
rates to each of them if dependable rates are to be attained. It is 
apparent that each of the zones has a different mean temperature 
difference and that under certain conditions the temperature of 
the cooling medium may tend to be even higher than the tem¬ 
perature of the heating medium on the other side of the tube. 

The total heat to be removed is usuall}^ comj)uted as heat 
required (1) to cool vapor and steam, (2) to condenses the vapor, 
(3) to condense steam, and (4) to cool oil and water. These items 
need not be computed at the actual conditions existing in the 
condenser because, as mentioiUKl in the (jhaptc'r on heat and 
material balances, the total quantity of heat that is removed 
between the fixed inlet and outlet conditions is a constant, regard¬ 
less of the intermediate conditions. 

However, w’hen the mean temperature difference is computed, 
the actual temperatures throughout the equipment must be used. 
In the condensation zone, the temperature may l)e computed 
with accuracy by means of the equilibrium condensation curve 
of the oil vapor, corn^'ted for the total pressure within the (con¬ 
denser and for the partial-pressure effect of the steam. Siuch a 
method need not be tedious because the designer soon becomes 
facile at drawing condensation curves and can often accurately 
estimate the condensation range without computations. For 
example, steam condenses in an atmospheric light oil condenser 
between 205 and 185°F. unless an abnormally large quantity of 
steam is used. In special problems, such as the design of vacuum 
condensers or condensers handling large (plantitles of steam, the 
labor in drawing the curves, etc., is justified because more simple 
methods are not dependable. 

The vapor usually condenses almost entirely between the inlet 
temperature and the steam-condensation temperature; but if the 
vapor is superheated, an additional simple cooling zone must be 
recognized. Even in the cooling zone a small quantity of vapor 
is condensed because of the wide boiling-range of all petroleum 
products. In the so-called vapor-condensation zone a cooling of 
both vapor and liquid-condensate takes place as well as condensa- 
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tion, and hence most experimenters have found it necessary to 
use a combined condensing, vapor-cooling, and condensate-cool¬ 
ing coefficient for the vapor-condensation range. The coefficients 
given in this chapter are combination coefficients of this kind. 
The steam-condensation temperature is usually not a constant, 
and its condensation range may be computed by correcting the 
condensation temperature, at the total pressure, for the partial- 
pressure effect of the remaining vapors. In the special case in 
which a very high-boiling vapor is condensed with steam, two 
distinct zones of condensation may appear and the steam will 
condense at nearly a constant temperature. Except in special 
cases the steam may be assumed to condense at a constant tem¬ 
perature of about 195°F. The pressure-drop in ordinary con¬ 
densers may be neglected in drawing the condensing curves, but 
in vacuum condensers the pressure-drop becomes of great impor¬ 
tance. The following examples will prove valuable in clarifying 
the computation methods: 

Example 64. Transfer Rate for a Pressure Distillate Condenser.— 

A pressure distillate condenser is to be designed for the following materials: 

Lb. per Hr. 


P. D. and reflux (57 A.P.l.). 63,000 

Cracked gas (wet). 2,000 

Steam. 6,000 


The materials are available at 305°!^., and the vapor is not superheated. 
Water is available at 72°, and it will be heattul to 120°F. Pressure at the 
top of the tower = 10 lb. per sq. in. 

Duty of Condenser. 

Basis: 1 hr. 

Assume cooling to 180°F. condenses all vapor and steam. Assume steam 
condenses at 195°F. These assumptions can be approximately computed 
by the methods used in Example 6.5. 

Zone 1: Cooling vapor and steam. No such zone. 

Zone 2: Condense vapor between 305 and 195. 

Cool steam and vapor to 195. 

Cool condensate to 195. 

B.t.u. per Hr. 

0 fiO 4- n 

Cool vapor or condensate. . .63,000(305 — 195) ——^^ - = 3,670,000 

2 


Cool gas (Fig. 34).2,000(305 - 195) X 0.52 = 114,000 

Cool steam.6,000(305 - 195) X 0.5 = 330,000 

C'Ondense vapor (Fig. 37).63,000 X 131 = 8,229,000 

12,343,000 


• Average liquid and vapor specific heat. 
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Zone 3: Condense steam at 195. 

Latent heat of steam = 981 
6,000 X 981 = 5,890,000 B.t.u. per hr. 
Zone 4: Cool oil, water, and gas. 

B.t.u. per Hr. 

63,000(195 - 180) X 0.565 - 532,000 
6,000(195 - 180) X 1.0 = 90,000 
2,000(195 - 180) X 0.5 = 15,000 

637,000 


The percentage of heat that is absorbed in each zone and the rise in water 
temperature in each zone, for countercurrent flow,, are: 


Zone 

B.t.u. 

Per cent 

Rise in water 
temperat.:ire 
(total 48“) 

1 




2 

12,343,000 

65.4 

31 

3 

5,890,000 

31.2 

15 

4 

637,000 

3.4 

2 

Total. 

18,870,000 

100.0 

48 


The temperatures in the zones are shown in Fig. 129. 



160 


■72 


195 

Zone 4 
74 


MX at 14 
at! MXO. 144 

Fig. 129.—Temperature conditions for Example 64. 


Compulation of Transfer Rate—Assume a water velocity of 2 ft. per sec. 
. in the tubes. This corresponds to a water film rate of 350. 

The surface required for each zone can be computed separately and added 
together, thus: 
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Zone 

Duty 

Mean 

temp. 

diff. 

K 

hmt 

Rf* 

H 

A 

Notes 

1. 

Cooling vapor. 








No such 










zone 

2. 

Condensing vapor. 

12,343,000 

143 

150 

350 

0.006 

64 

1,350 

Table 56 

3. 

Condensing steam. 

5,890,000 

113 

400 

350 

0.007 

81 

643 

Page 405 

4. 

Cooling liquid. 

637,000 

114 

45 

350 

0.009 

29 

192 

Page 405 


Total. 

18,870,000 






2,185 






r ” 





* Sec Fig. 128. A water factor of 5, and different factors for each of the other conditions. 


As a comparison, the over-all transfer rate that corresponds to the four 
zones is 


18,870,000 
2,185 X 144 


60.0 


Ill vacuum condensers the foregoing method (Example 04) 
becomes more* involved. Approximations of the steam-condens¬ 
ing temperature, etc., cannot be relied upon. In most modern 
vacuum plants a large quantity of steam is used to reduce the 
vaporization temperature of the oil. This steam passes through 
the partial condensers and is finally condenvsed in a barometric 
condenser. Thus the pressure in the barometric condenser and 
in the partial condenser is dependent upon the vapor-pressure 
exerted by the cooling water. With cold water and several 
steam jets, the barometric condenser can be operated at 8 mm. 
pressure, and hence the partial condenser operates at pressures 
of 10 or 12 mm. or above, depending upon the processing plan. 
Sometimes these partial condensers are built in several units so 
that different products, such as gas oil and wax distillate, may be 
collected from the different units. A poor separation is permissi¬ 
ble in this case because wax distillate can be more easily filter- 
pressed if it contains some gas oil. 

If the condensation is conducted in several units or steps, with 
the condensate removed separately from each partial condenser, 
each unit may be handled as a separate condenser. For exam¬ 
ple, if wax distillate and gas oil are separated in a partial con¬ 
denser, the vapors of wax distillate and gas oil are cooled in the 
first unit and condensation occurs along the equilibrium con¬ 
densation curve of these mixed vapors. The wax distillate is 
withdrawn from this unit, and the remaining gas oil vapor is 










EXCHANGERS, COOLERS, CONDENSERS 


421 


condensed according to the equilibrium condensation curve of 
the gas oil vapor alone (Figs. 130 and 131). 

The condensing coefficients are lowered greatly by vacuum. 
The exact values are not known, but it is customary practice 
to decrease the atmospheric condensation coefficients by half. 

Example 66. Design of Vacuum Surface Condenser. —A large vacuum 
condenser is to handle the following materials per hour: 

106,000 lb. of wax distillate and reflux, 31 A.P.I. 

12,000 lb. of gas oil, 33 A.P.I. 

1,400 lb. of steam 

The wax distillate and gas oil are to be separated by partial condensation 
in four units of condenser. Three of these are for wax distillate, and one 
for gas oil. The first of the three wax distillate condensers supplier hot 
reflux to the tower, but cold reflux is also used. 

The following pressures are assumed for purposes of (calculation. In an 
actual design the accairacy of the assumed pressures should be checked 
after the tentative design is completed. 


Mm. of Mercury 

Pressure at barometric. *.... 21 

Loss in vapor line. 2 

Ix)ss in Unit 4. 1 

liOss in Unit 3. 1 

Loss in Unit 2. 2 

Loss in Unit 1. 3 

Pressure at top of tower. 30 

Temperature at top of tower. 490°F. 


The approximate condensation and true-boiling-point distillation curves 
of the products are shown in Fig. 130, and a diagram of the syst(un is shown 
in Fig. 131. 

Condensation Curves under Vacuum. Partial Condenser 1 {Hot Reflux 
Condenser ).—The conditions arc such that equilibrium condensation (page 
226) occurs in all four of the condensers. The condensation curves are 
computed by means of Fig. 76. 

70 per cent point of T.B.P. curve. 765°F. 

10 per cent point of T.B.P. curve. 620'’F. 

Slope of T.B.P. curve. = 2.42° per per cent 

Corresponding slope of flash curve. 0.8 (Fig. 76) 

50 per cent point on T.B.P. curve. 718°F. 

Corresponding 50 per cent point on flash curve. 684°F. 

100 per cent point on flash curve — 684 -f- 0.8(100 — 50) = 724°F. 

The curve is drawn through the 50 and 100 per cent points. 

The data given in curves 1 and 2 (Fig. 130) apply to condensation at 
atmospheric pressure, and hence curve 5 for vacuum conditions must be 
computed. 
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FlO. 130.—Condensation temperatures in vacuum condenser. Refer to 
Example 65. 
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Flo. 131.-^Condenser arrangement for F.xample 65. (See also Fig. .130.) 
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The total pressure at the inlet to Condenser 1 is 30 mm., but at the end 
it is (30 — 3), or 27 mm. Furthermore, steam is present, and it further 
reduces the partial-pressure of the oil vapor and decreases the temperature 
of condensation. 


Mols W.D. 


106,000 

320 


331.0 


1 1 12,000 . 

Mols gas oil = “ “ 49.6 

Mols vapor = 381.0 

Mols steam = = 78.0 

Total mols = 459.0 

Partial-pressure = 30 X ^^1459 = 24.9 mm. 


The atmospheric initial-condensation temperature (724°F.) corrected to 
24.9 mm. (Fig. 52) gives a temperature of 492^F. 


Temperature at the Outlet of Unit 1, 

About 122 mols of hot reflux are condensed in Unit 1 so that at the outlet 
the partial-pressure is 

381 - 122 _ 


Correcting 696®F. to 20.8 mm. gives an outlet temperature of 456°F. 
These temperatures are shown on Figs. 130 and 131. 

Partial Condenser Unit 2.—The atmospheric conden.sation curve for 
the remaining 65 per cent vapor is computed in a manner similar to the 
method used for Unit 1. This curve is shown as 3 (Fig. 130). As the 
condensate is removed from Unit 1, the vapor must be cooled in Unit 2 
before condensation starts. Note curve 5 (Fig. 130) and particularly the 
two points at 65 per cent. In practice, no sharp break in the temperature 
is noted because pure countercurrent flow is not attained and perfect 
equilibrium condensation does not o(;cur. 

Furthermore, it would appear in Fig. 130 that the hot reflux boils between 
exactly 753 and 890°F. Actually, the wax distillate and the hot reflux 
have different boiling-ranges but much the same composition because of 
the very poor separation obtained by partial condensation. 

70 per cent B.P. of 65 per cent of remaining vapor.. . 707°F. 

10 per cent B.P. of 65 per cent of remaining vapor.. . 607°F. 


Slope of distillation curve. 1.67 

Slope of vaporization curve. 0.35 

50 per cent on distillation curve.. . . 677°F. 

60 per cent on vaporization curve. 635°F. 

100 per cent point on vaporization curve. 652°F. 


Note curve 3 (Fig. 130). 
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Partial*pressure at inlet to Unit 2 is the same as for the outlet of Unit 1, 
or 20.8 mm. Correcting 652 to 20.8 mm. gives 419®F. 

About 130 mols are condensed in Unit 2 so that the partial-pressure at 
the outlet of 2 is 


25 X = 15.5 mm. 

Correcting 635® to 15.5 mm. gives 394°F. Partial condenser Unit 3 was 
computed in a similar manner. 

Partial Condenser Unit 4.—By the time Unit 4 is reached, the amount 
of noncondensiblc gases (steam) has become relatively so large that a more 
detailed analysis is necessary. The following tabulation was computed 
(curve 4, Fig. 130) by using the same general principles that were used 
in studying Units 1 and 2. 

The pressure-drop is very small (1 mm.), and hence a constant pressure 
of 23.5 mm. was used throughout the entire unit. Likewise the flash 
curve 4 is so flat that a temperature of 563° was used to represent the entire 
curve. 


Per cent vapor 
remaining 

Mols not condensed 
(approx.) 

Partial- 
1 pressure 

Condensation 

points 

11.0 

50 

8.6 

305 

7.5 

33 

6.5 

296 

5.0 

22 

4.8 

283 

3.5 

16 

3.8 

274 

1.5 

11 

2.7 

264 

1.0 

6 

1.4 

241 


The sharply curving tail on the front of the condensation curve shows 
that all of the vapor can never be completely condensed until the steam 
is condensed. Refiners find that the water leg of the barometric con¬ 
denser always contains oil and wax-stocks, and traps or skimming devices 
must be installed. 

Thermal Duties of the Units. Unit 1 (47,000 Lb. Condensed). —Condens¬ 
ing zone throughout 


B.t.u. per Hr. 

Cool vapor.71,000(490 ~ 456) X 0.56 * 1,350,000 

Cool steam. 1,400(490 - 456) X 0.5 - 238,000 

Cool.47,000(490 - 456) ( -— ^ -•^^ ) = 983,000 

Condense, approx.47,000 X 92 (Fig. 38) * 4,320,000 

6,891,000 












exchangers, coolers, condensers 


425 


For the other units the duties are about as follows: 


Condenser unit 

Lb. condensed 

Temperature 

range 

Approx, duties, 
B.t.u. per hr. 

1 

‘ 47,000 

490-456 

6,891,000 

2 

39,000 

466-394 

7,213,000 

3 

20,000 

394-323 

4,058,000 

4 

12,000 

323-220 

2,856,000 

Total. 



21,018,000 





Transfer Rates, Surfaces, and Temperature Differences.—Crude oil is 
hftated from 140 to 300“F. in the first three units, and water is heated from 



Fia. 132.—Temperatures for Example 66. 

70 to 120®F. in the fourth unit. The crude oil velocity is 3 ft. per sec., 
and the water 2 ft. per sec. The temperature ranges are shown in Fig. 132. 
One-inch tubes are used throughout. 
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The transfer rates are considered as two items, one pure condensing and 
the other cooling of vapors. Table 60 shows the completed calculations. 

Note that the logarithmic mean temperature difference gives confusing 
results if it is used for the three units together. Its use in this manner 
shows an over-all rate of heat transfer (11.4) that is lower than the transfer 
rates in any of the three units. 


Table 60.— Computations for Surfaces in Example 65 


Unit No. 

Duty 

Mean 

temp. 

diff. 

(log¬ 

arithmic) 

Mass 

velodtyf 

(approx.) 

ho 

^tuben 

Rf 

7/ 

A 


.5,303.000 

204 

204 

204 

1.0 

231 
11 

100 

IGO 

0.013 

0.013 

15.9 

9.0 

13.0 

1 ,640 
865 

Vapor cooling*. 

Over-all. 

1.588,(K)0 

0.891,000 

2,505 


5.730,000 

210 

210 

219 

0.8 

251: 

10 

130 

130 

0.013 

0.013 

16.5 

9.0 

14.1 

1,580 
752 

Vapor cooling*. 

Over-all. 

1,483,000 

7,213,000 

2,332 

3. ('ondonHing. 

3,136,000 

196 


27% 

85 

0.012 

16.2 

990 

Vapor cooling*. 

922,000 

190 

0.5 

7 

85 

0.012 

6.1 

770 

Over-all. 

4,058,000 

196 





11.8 

1.700 

1, 2, and 3, over-all 

18,102,000 

243 





11.4 

0,597 

4. Condensing. 

2,135,000 

187 


++ 

00 

!N 

400 

0.011 

20.2 

505 

Vapor cooling*. 

721,000 

187 

0.2 

3 

1 400 

0.011 

2.9 

1,330 

Over-all. 

2,850.000 

187 



! 


8.0 

1,895 


♦ Some litniid cooling also included. 

t Dependent on velocity on shell-side. 

t Condensing coefficients are halved for vacuum .service. 


COIL-IN-BOX CONDENSERS AND COOLERS 

In the past these equipments have been standard, and even 
today they are used extensively for final cooling before storage. 
Heat transfer rates are low in this type of equipment owing (1) to 
the low velocities that must be used and the low natural-con¬ 
vection rate and (2) to the gradual accumulation of pipe scale 
and fouled surfaces on the water side. Special cast-iron con¬ 
denser sections with ribbed outside surfaces, such as the Stirling 
section of the American Radiator Company, are sometimes used. 
The main advantage of this condenser section is the large vapor 
^pace afforded and the compact arrangement that is possible. 
To allow for the rapid decrease in vapor volume, coil-in-box con¬ 
denser coils are usually built as a series of large-diameter pipes 



















CHAPTER XXII 


TUBESTILL HEATERS 

When pipestills or tubestills were first built, the important part 
that radiation plays in any furnace type of heater was not appre¬ 
ciated and the first stills were nearl3^ pure convection types of 
stills (Fig. 133/). In such stills the tubers nearest to the flame 
absorb heat at a very high rate, and the tubes nearest the stack 
absorb very little heat. Such an arrangement was unsatisfac¬ 
tory because coke was deposited in the tubes that were heated 
by radiation and the final tubes absorbed so little heat that the 
efficiency was low. By costly experience it was found that when 
the offending radiant tubes (hot ones) were removed, the other 
tubes began to overheat and the removal of tubes in the radiant 
section only aggravated the condition. When design(‘rs finally 
realized that a large proportion of the pipestill surface should be in 
the radiant section, the pipestill was d(^veloped into the useful 
type of heating equipment that it now is. 

Advantages of the pipestill over shellstill equipment are as 
follows: 

1. They are unquestionably best suited for continuous oper¬ 
ation. From the standpoint of operation, a continuous process 
is usually the most economical because the operating conditions 
such as temperature, pressure, and rate of flow can be easily 
controlled and studied. Continuous operation was also an 
important factor in the development of such obviously useful 
operations and equipment as flash vaporization, heat-exchange, 
multiple-draw fractionating towers, and exact control instru¬ 
ments. Without continuous heating, these operations could 
never have been developed into the position of importance that 
they now occupy. 

2. The pipestill adapts itself to an^" sort of a heating operation 
because the rate of heating can be easily controlled. The rate of 
heat input can be controlled bj^ adjusting the relative proportion 
of radiant and convection surface, by the use of a recirculating 
quantity of flue gas, by preheating the air, by changing the fuel 
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or character of the flame, and last, by varying the velocity within 
the tubes. 

3. The average rate of heat transfer can be increased without 
overheating the oil stock. This permits the thermal efficiency of 
the pipestill to be relatively high. Thus far, economic conditions 
have limited the economic thermal efficiency to about 75 per 
cent, but many stills have been built that operate at an efficiency 
of 85 per cent. 

In a shellstill, local overheating occurs near the bottom of the 
still. Oil is decomposed, which causes a loss of yield, and the 
bottom plates are frequently weakened so that they must be 
replaced. 

4. Pipestill operation is flexible. A still designed to operate 
at 75 per cent efficiency can, at a low capacity, operate at 80 per 
cent efficiency and at a high capacity at about 70 per cent effi¬ 
ciency. The capacity can often range between 50 and 200 per 
cent of the rated capacity without causing serious deleterious 
effects. During the development of pipestills, the redistillation 
operations necessary for such stocks as pressure distillate, kero¬ 
sene, special naphthas, brightstock solution, pressed distillate, 
and “ slops were conducted in shelLstills. Perhaps this was 
due, at least in part, to the existence of shellstills in the plant. 
At any rate, n'finers arc now installing pipestill units for any or 
all of these rerunning operations. In some small plants the raw 
stocks are allowed to accumulate for several weeks and then are 
redistilled in a pipestill unit in a few days of operation. Thus a 
single pipestill unit may be used to process several stocks. 

5. Pipestill heaters greatly reduce the danger of fire. Although 
fires arc perhaps more frequent with pipestills than with shell¬ 
stills, the fires are not of such a dangerous nature. In normal- 
size pipestills the quantity of oil that is present in the still at any 
time amounts to only about 60 bbl., and most of this n;iay be 
discharged into a sump and extinguished with steam. At the 
same time the furnace interior and header boxes can be filled wdth 
steam so that little oil burns. Several hundred barrels of oil 
may be present in a shellstill when a fire occurs, and the possi¬ 
bility of an explosion or the escape of flaming oil into the refinery 
yard and drains is indeed serious. 

6. The compact nature of a pipestill distillation equipment 
should not be overlooked. A pipestill unit for processing 
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10,000 bbl. per day can be installed within a 50 by 50 yd. area. 
Such a unit will replace a battery of at least 12 shellstills. How- 
t v er, the saving in space and personnel is not the main advantage 
of a compact unit. The operation can be more (easily supervised, 
the Stillman will give more attention to details if distances are not 
great and records can be taken with ease. The entire operating 
(lata may be recorded in a single control room, and the responsi- 
l)ility for operation may thus be placed on one man. 

Indirectly, the pipestill is largely responsible for the develop¬ 
ment of modern vacuum distillation plants. The modern 
vacuum processes could not have been developed without the 
combined advantages of controlled heating and flash vaporization. 

Types of Stills.—All modern pipcstills are built with two 
* distinct heating sections: a radiant section and a convection 
s(>ction. Figure 133 indicates diagrammaticalJy the flow i'l 
several types of heaters. 

The type shown in Fig. 133a has been for many years the 
standard design. The still is usually less expensive than the 
other types, but it is being displaced by the other types because 
the radiant roof tubes above the partition wall tend to become 
overheated. Furthermore, a large percentage of radiant-absorp- 
. tion surface cannot be provided unless the still is very wide, 
and such a design j)roves to be expensiv^e. In this type usually 
about 40 per cent of the heat is absorbed in the radiant section 
and 30 per cent in the convection section. Figure 1336 shows a 
type that is particularly adapted to processing small amounts of 
oil. The radiant and convection sections are separated by 
metal partition plates, with insulating material between them. 
This partition rests on the tubes, thereby eliminating an expen¬ 
sive suspended refractory arch. The distribution of radiation is 
poor, but this causes no difficulty in the heating of normal stocks. 

The center-convection-type radiant heater shown in Fig. 133c 
provides a large percentage of radiant surface and is adapted 
to the processing of large quantities. The distribution of radi¬ 
ation in the furnace box is excellent but not so good as in the 
cylindrical heater shown in Fig. 133d. In the center-convection 
still, enough radiant surface can be provided, without undue 
expense, to absorb 65 per cent of the total heat liberation as 
radiant heat. The radiant-absorption rate in this type of still 
can be reduced by using a large amount of radiant surface until 
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it compares with the rates that are obtained in flue-gas recircula¬ 
tion furnaces. The heater shown in Fig. 133d, from a theoretical 
standpoint, is an ideal heater, but it is expensive. A tall super¬ 
structure is necessary for the removal of tubes. At the same tim(' 
the vertical position of the still makes it act partly as a stack, and 
hence only a short stack is necessary. This type is particularly 
suited for vapor-phase cracking, although it is equally successful 
in ordinary processing. In the case of vapor-phase cracking the 
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Fig. 133.—General types of pipestill construction. 


cost of such a still is justified because, to the author's knowledge, 
no petroleum oil heating problem is more delicate than the heat¬ 
ing of petroleum vapor at decomposition temperatures. In this 
type, as high as 70 per cent of the heat liberation may be absorbed 
in the radiant section. 

Modern developments have been directed at two improve¬ 
ments: (1) symmetrical arrangements by which flue-gas tur¬ 
bulence and sharp changes in the direction of the flue gas are 
avoided and (2) partition arrangements by which the heat input 
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ill to various parts of the still can be regulated independently, 
rhese improvements are embodied in the types of stills indicated 
in Fig. 134. Regulation of heat distribution is possible by the 
use of several small burners on each side of the central bridge 
walls and by the degree of exposure of the flame from the firing- 
tunnels of the burners. By avoiding turbulence and currents of 
hot gas, hot spots or flame impingement are brought to a mini¬ 
mum, and unusually high radiant-absorption rates can be 
attained without tube failure. The upshot-type stills (similar 
to “Equiflux^’) are most symmetrical and can attain very high 
rates, but the center convection type is perhaps best for heating 
two separate coils or in adjusting the rate of heating in a constant 



temperature soaking zone. Radiant-absorption rates of 45,000 
B.t.u. per square foot of projected area have been obtained 
commercially in some of these stills. 

The principles of flue-gas recirculation and air preheating 
as indicated in Fig. 133c may be applied, with modifications, to 
any of the foregoing types. A portion of the flue gas is circulated 
back into the radiant section by a fan. Here the flue gas is 
reheated by the flame causing a lower flame temperature and a 
milder radiation rate, and at the same time the high gas velocity 
increases the rate in the convection section. The greater the 
ratio of recirculating flue gas to the flue gas entering the stack 
the more the heat-duty is transferred from the radiant to the con¬ 
vection section. Recirculation allows a precise regulation of the 
absorption rate, and until the development of radiant-type stills 
the recirculating type was used for nearly all cracking processes or 
delicate heating operations because of the low radiant rates. 
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Preheating the air that is used in combustion has just the 
reverse effect. It tends to increase the absorption rate in the 
radiant section and to increase the flame temperature. To be 
most effective, the air should be heated by only the gases that are 
passing to the stack. To store too much lieat in the air, as by 
cooling the entire recirculating stream of gases, would defeat 
the purpose of flue-gas recirculation. Nevertheless, air preheat 
provides a means of cooling the stack gases and thereby increase s 
the efficiency of the still. 



Fkj 135.—Ovorhoad-coiivection still (header-boxes open). {A. J. Smith Engi¬ 
neering Company.) 


The efficienc}^ of a process can be increased in two main wa 3 ^s. 
The loss through the walls and in the stack gas from the furnace 
can be decreased, or heat can be saved from the products of the 
process. The use of air-cooled walls, aside from the preservation 
of brickwork, has often been referred to as an economy. Unless 
tile loss through the waUs is decreased, no economy is effected. 

The heat that is absorbed b}" heat exchangers is often credited 
as a direct saving in heat. Such is not always the case because 
the efficiency of the still decreases as the temperature of the 
charge-stock is increased by exchangers. As an example, con¬ 
sider a pipestill distillation unit that operates with no exchang- 
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IS and at a stack gas temperature of 350°F. The stack loss is 
nnly about 8.4 per cent (Fig. 56). If the charge-stock is then 
floated by exchangers to 300°F., the stack temperature will be 
about 550°F. and the stack loss 14 per cent. In such a case the 
saving of heat by raising the temperature of the charge-stock 
froni 100 to 300° must more than compensate for the decrease in 
the efficiency of the still. The exchangers do save heat, but they 
cannot be accredited with saving the amount of heat that is 
r(‘])resented by the rise in temperature from 100 to 300°. A study 
of the economics of the complete unit, including both the pipe- 
still and the exchangers, is the only way to determine the amount 
of heat that is actually saved. 

RADIATION 

The problem of evaluating the percentage of radiant absorp¬ 
tion that will occur in a particular pipestill, and the distribu¬ 
tion of this radiation throughout the furnace cavity, has always 
been difficult. However, in recent years, owing primarily to 
the efforts of Professor Wohlenberg^’^’^ of Yale and Professor 
HotteP*®'®*^ of the Massachusetts Institute 'of Technology, a 
comprehensive theoretical background has been developed. By 
this background the existing empirical data can be explained with 
gratifying success, and theoretical treatments are so sound that 
plant data can be checked closely if the data are sufficiently 
extensive. Still more recently work by Wilson, Lobo, and 
HotteP has placed at our command a correlation of a number of 
plant experiments on radiation. 

^ WoHLENBERG Riid MoRRow, Radiation in the Pulverized Fuel Furnace, 
Trans, A.S.M.E., 47, 127 (1925). 

* WoHLENBERG and Lindseth, The Influence of Radiation on Boiler 
Surface and a Simplified Method for Its Calculation, Trans. A.S.M.E., 
48, 849 (1926). 

® WoHLENBERG, W. J., Mech. Eng.^ 62, 853 and 915 (1930). 

* Hottel, H. C., Heat Transfer by Radiation from Non-luminous Flames, 
Ind. Eng. Chem., 19, 888 (1927). 

® Hottel, H. C., Radiant Heat Transmission, Mech. Eng., 62, 699 (1930). 

® Haslam and Hottel, Combustion and Heat Transfer, Trans. A.S.M.E., 
60, Fuef Steam Power Division, p. 9 (1928). 

^ Hottel, H. C., Radiant Heat Transmission between Surfaces Sepa¬ 
rated by Non-absorbing Media, Trans. A.S.M.E., Fuel Steam Power Divi^ 
Sion, 63, 265 (1931). 

® Heat Transmission in Radiant Sections of Tube Stills, Jnd. Eng. Chem., 
24 , 486 (1932). 
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Physical Nature of Radiation. —Radiation may be considered 
as an outlet for the chemical energy that is set free during com¬ 
bustion reactions. The heat energy that is liberated during 
combustion is confined in such a small space at the start of com ¬ 
bustion that either a very high temperature is attained or heat " 
must be dissipated to the surroundings by radiation, convection, 
or conduction. No doubt heat is initially used in heating the 
reactant materials to the flame temperature by conduction. 
However, if all of the heat were utilized in this manner, the 
theoretical flame temperature would be attained, and experience 
teaches that this temperature is never reached in ordinary com¬ 
bustion reactions. 

The two gaseous materials that are most active in producing 
radiation are carbon dioxide and water vapor. Most of the* 
radiation from nonluminous flames has wave lengths correspond¬ 
ing to the wave lengths that are emitted by these two molecules. 
Radiation from luminous flames differs from nonluminous because 
finely dispersed carbon or solid particles are present in the flame. 
These particles absorb heat by conduction and convection and are 
even more effective than gaseous molecules in radiating energy. 
The difference in the actual flame temperature and the theoretical 
flame temperature is a direct comparison of the radiant properties^ 
of a fuel. 

Radiant-absorption Rate. —Radiation between solid surfaces 
is dependent upon the fourth power of the temperature difference 
and upon a constant, the value of which is dependent on the kind 
of material and the condition of the surface. Radiation from a 
flame, as in pipestill or boiler furnaces, is governed by the same 
laws except that the size of the flame and the conditions within 
the flame are so difficult to evaluate that empirical relationships 
have been adopted. The most important factors that affect 
radiation from flames are (1) percentage of total heat that is^v 
absorbed as radiant heat, (2) ratio of air to fuel, (3) arrangement 
and spacing of absorbing surface, and (4) kind of fuel. 

Regarding the first of these, let us consider a flame burning 
within a furnace whose walls consist entirely of absorbing sur¬ 
face. Rays of radiation proceed in all directions from the flame; 
and with the exception of the small amount of heat that is used 
in heating the intervening gas, all the heat from the flame is' 
absorbed by the cool surface. In this case, a large percentage of 
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the heat is transferred by radiation, although the rate of heat 
absorption per square foot of surface is low. If all the absorbing 
surface, except a single tube, is removed from such a furnace, the 
radiation strikes the refractory walls and is reflected or reradiated 
about the furnace interior so that the single tube receives a rela¬ 
tively larger amount of radiation per unit of surface. Although 
the single tube absorbs heat at a high rate, it absorbs a relatively 
small percentage of the total heat liberation. 

The ratio of air to fuel is important mainly bei^ause it affects 
the flame temperature. The larger the quantity of air (or 
products of combustion) that must be heated in the flame the 
lower will be the resultant flame temperature. Thus large 
(]uantitles of excess air reduce the radiant absorption. For the 
same reason the recirculation of flue gas reduces the flame tem¬ 
perature, but air preheat increases it. Obviously the higher thii 
flame temperature the greater the emission of radiation. The 
arrangement of the cooling surfaces also affects the rate of radiant 
absorption. The closer the surface is to the flame the greater 
the amount of radiation that falls upon it. Thus corners and 
ends of furnaces receive less radiation than other surfaces. 

Theses factors have been related by Wilson, Lobo, and Hottel'* 
by the following equation: 


R = 


G 


1 + 


V: 


aA 


4,200 


(79) 


where R = fraction of heat liberation (above 60°F.) that is 
absorbed by the cold surfaces in the combustion 
chamber. 

G = air-fuel ratio, lb. of air per lb. of fuel. For flue-gas 
recirculation: lb. of air and recirculated gases per lb. 
of fuel. 

Q = total heat developed in the flame (above GO^’F.), B.t.u. 
per hr. This may consist of the net heating value of 
the fuel, heat in air or in recirculated gases, and sensi¬ 
ble heat in the fuel or atomizing steam. 

A = area of plane replacing tubes, sq. ft. (projected area). 

a = a factor by which A is multiplied to obtain the effec¬ 
tive cool surface. Usually 0.98 (Fig. 136). 
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This equation applies to any conventional box-type furnaco 
with radiant tubes any number of rows deep, with or without 
air preheat, with or without flue-gas recirculation, and with any 
percentage of excess air. The factor a may be obtained from 
Fig. 130,® but for normal tube arrangements, such as two rows of 
tubes spaced at a center to center of about twice the tube diam¬ 
eter, the value of a is 0.98. The relative absorption rates in the 
first three rows of tubes, when only three are present, is approxi¬ 
mately 7:3:1 so that the third row is of little value. 



Fia. 13().—Distribution of radiation with regard to arrangement of tubes. 

{Hottel, Mechanical Engineering.) 

A study of this equation for the effect of the type of fuel is use¬ 
ful. Table 62 is based on the fuel analyses and data given in 
Chap. XI. The radiant-absorption factors and rates of absorp¬ 
tion per square foot of projected area are computed for 30 per 
cent excess air when 50,000 B.t.u. are liberated for each square 
foot of projected tube surface. Thus the common refinery fuels 
do not give largely different rates of radiation. However, gas 
flames give a slightly milder rate of heating. 

The effect of the percentage of excess air is indicated in Fig. 
137. The radiation rates for the two extreme fuels, f.e., dry 

» Hottbl, H. C., Mech. Eng., 62 , 699 (1930). 
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natural gas and heavy fuel oil, are shown for 0, 25, 50, and 100 
per cent excess air. Other fuels can be represented by lines 
Ijetw^en these two extremes. Table 62 will be useful in judging 
the approximate position of these lines. This chart may be used 
directly in the design of simple furnaces, but it should not be used 


Table 62.— Compakison of Radiation Properties of Refinery Fuels 


Fuel 

Heating 

value 

Lb. flue 
gas per 

Fraction 
absorbed 
by radiant 
section 

B.t.u. 
absorbed 
per sq. ft. 
(proj.) 


Gross 

Net 

lb. fuel 

1. Pure methane. 


909 

23.5 

0.443 

22,100 

2. Dry natural gas. 



23.2 

0.445 

22,200 

8. Wot cracked gas. 

2,058 

1,893 

22.0 

0.462 

23,200 

4. Wet natural gas. 


1,239 


0.482 

24,100 

5. 24.4 A.P.I. Ky. topped 
cnide.‘. 

19,358 

18,168 

19.7 

0.485 

24,250 

fj. 9.2 A.P.I. cracked tar 
(M.C.). 

18,274 

17,324 

18.8 

0.497 

24,850 

7. 7.6 A.P.I. resid. fuel oil 
(Calif.). 

Wj 

17,075 

18.4 

1 

0.502 

26,100 

8. Bituminous coal (Mo.).... 

1^9 



0.578 

28,900* 


♦ Of qucBtionable value because Eq. (79) is not for solid fuels. 


for furnaces using air preheat or flue-gas recirculation. With 
proper burners and an experienced fireman, it is possible to fire 
with less than 25 per cent excess air. In the past, many furnaces 
have been operated with 100 or even 200 per cent excess air 
because the still was originally designed with too little radiant 
surface with the result that the absorption rate was too 
high. 

If a low rate of absorption is not necessary but gas is available 
and must be burned, a mixture of oil and gas may be fired 
together. The luminosity or radiating power of such flames 
appears to be almost as good as for pure oil flames. Hence for 
such mixed flames the curves in Fig. 137 for oil flames may be 
used. The radiating power of these mixed flames may be 
explained by considering the carbon particles in an oil flame as 
radiators. These particles also exist in the mixed flame. The 
heat generated in burning the gas heats the carbon particles by 
conduction, and they in turn radiate heat to the surroundings. 
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Lobo and Evans have made a complete study of petroleum 
heaters and the Wilson, Lobo, and Hottell radiation equation 
[Eq. (79)]. They also present a theoretical equation that 
appears to check well with all types and arrangements of heaters. 
With regard to Eq. (79), they conclude that it may be used for 



20 30 40 50 60 70 

■percentoige of Net Heat Developed that is Absorbed in Radiant Section 


Fig. 137.—Rate of radiant absorption in simple stills with no recirculation or air 

preheat. 

designing conventional box-type heaters (Figs. 133a, 133c, 134) 
but subject to the following qualifications: 

1. Fuel oil or cracked refinery gas must be used as fuel. 

2. Radiant rates must range between 5000 and 30,000 B.t.u. per hour per 
square foot based on outside tube area. 

3. Percentage of excess air must range between 5 and 80 per cent. 

4. Tube skin temperatures must not be closer than 400°F. to the temperature 
of the flue gas leaving the radiant section. 

5. Length of radiant beam ehould be greater than 15 ft. 

The theoretical equations developed by them give much closer 
results (maximum 16 per cent deviation), but the use of the 
equations is complicated, particularly for design purposes. 

Heat Transfer in the Radiant Section of Petroleum Heaters, Trans, 
Am, Inst, Chem, Enff., 85 , 743 (1939). 
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Various types of elaborate burner systems for the production 
of more radiation and a better distribution of heat in the com- 
}>iistion chamber have been suggested. Some of these consist 
of a furnace floor of small gas jets; and although they perform 
well, they are expensive. A successful artificial-radiation 
device is the muffle burner of the Alcorn Combustion Company. 
In this burner the gas fuel is fired through a long muffle which 
may extend along the entire length of the floor of the still. The 
muffle becomes hot and acts as a radiator, and the flame that 
issues from the end of the muffle also contributes to the radiation. 

Example 66. Rate of Absorption in the Radiant Section.—A pipestill 
uses 500 lb. per hr. of an oil fuel (net heating value 17,500). The radiant 
. section has 156 sq. ft. of projected area, and the tubes (4 in., outside diam> 
eter) are spaced at a center-to~center distance of 8 in. There are two rows of 
tubes in the radiant section. The ratio of air to fuel is 17.9 (30 per cent 
excess air). What percentage of the heat liberation is absorbed in the 
radiant section, and how many B.t.u. are absorbed per hour through each 
square foot of projected tube area? 

Q - 500 X 17,500 =* heat liberation = 8,750,000 
a - 0.98 (Fig. 136) 

__t__ _1_ _ t ^ ^ 

17.9 VCtM,000/0.98 X 156 17.9 X 240 2.02 

4,200 4,200 

Heat absorbed in radiant section = 8,750,000 X 0.495 ~ 4,330,000 

B.t.u. absorbed per sq. ft. of projected area = - 27,700 per hr. 

The results may be checked by the use of Fig. 137. Heading up from 49.5 
on the base to the 30 per cent excess air line for an oil fuel, the rate of absorp¬ 
tion is estimated as 27,000 B.t.u. 

Commercial Radiant Rates.—The radiation rates that should 
be used in pipestills cannot be given as definite figures because 
of the many factors that appear in commercial operation. 
Among these are the wide variety of stocks, the variation in the 
liquid velocity, and the different temperatures that are used for 
the different stocks. However, Table 63 presents rates that 
have been used in commercial plants. Doubtless many stills 
deviate from the recommendations in the table. With carefully 
designed stills in w^hich local overheating is avoided, much highei: 
rates can be maintained. Rates of 45,000 B.t.u. per square 
foot of projected area have been used in commercial cracking 
furnaces of the type shown in Fig. 134 for the simple heating 
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zones, but such a rate is too high for the cracking or soaking 
zone. • 


Table 63. —Radiation Rates 


Service 

Radiant absorp¬ 
tion rate, B.t.u. 
per sq. ft. pro¬ 
jected area 

Radiation factor 
(25 per cent 
excess air). -No 
preheat or 
recirculation 

Usual oil 
velocity, 
ft. per 
sec. at 
eo^F. 

Radiant absorp¬ 
tion rate, B.t.u. 
per sq. ft. out¬ 
side surface* 

Topping crude oil. 

31,000 

0.48 

3 

0860 

Reduced crude, vacuum.. 
Cracking (outlet in con¬ 

25,600 

0.61 

4 

8110 

vection) . 

Rerunning pressure distil¬ 

25,600 

0.61 

5 

8110 

late. 

Cracking (outlet in 

26,600 

0.61 

4 

8110 

radiant). 

Rerunning lubricating oils: 
a. Light oils (pressed 

17,000-10,000 

0.67-0.66 

6 

5410-3800 

diet.). 

b. Heavy oils (bright- 

20,000 

0.66 

6 

6370 

stock sol.). 

17,000 

0.67 

7 

6410 


* Hate on projected area divided by 3.1416. 


Distribution of Radiant Heat.—In designing the details of a 
pipestill or in designing a still for a special service, a knowledge 
of the distribution of radiation in different parts of the radiant 
section is important. Usually only two rows of radiant tubes 
are used in the radiant section. If three tubes are used, the 
third row receives only about 12 per cent as much heat as the 
first row, and hence a third row is of little value. Many stills 
have been built with only one row of tubes. 

The first rows of tubes in the convection section also absorb 
heat by radiation from the flame as well as heat by convection. 
The radiation into the convection section, if the tubes are not 
screened by superheater tubes or by brickwork, is about as 
follows: first row, 100 per cent; second row, 56 per cent; third 
row, 19 per cent; fourth row, 4 per cent; and fifth row, 1.5 
per cent. 

The first convection tubes must withstand a more severe rate 
of heat absorption than any other tubes in the still. Not only do 
these tubes absorb more heat by convection than any other 
tubes in the convection section, but they also receive heat by 
radiation. Often the first row of convection tubes absorbs 
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iS.OOO B.t.u. per square foot of outside surface (11,000 B.t.u. by 
miliation and 7,000 by convection). This is a rate far higher than 
(hose suggested in Table 63. For this reason the first rows 
of the convection section are often designed with the same 
diameter as the radiant tubes or, in other words, for a high oil 
\ elocity. Steam superheater tubes are often placed between the 
radiant and convection sections to protect the first convection 
tul)es. In a superheater the high rate of absorption is desirable 
if the superlieater is constructed of an alloy steel that can with¬ 
stand high-temperature oxidation. 

The rate of radiant absorption varies at different parts of 
th(‘ radiant section. In ordinary stills the exact distribution of 
radiation is not important; but for (1) heating sensitive stocks 
such as treated lubricating oils, (2) heating to very high tempera¬ 
tures as in cracking stills, and (3) heating two different stocks in 
separate coils in the same radiant section, the rate of heat 
absorption in the different parts of the furnace box becomes very 
important. Data on several stills have been reported that 
indicate radiation rates that varied by 400 per cent in different 
parts of the radiant section. 

The following method (Example 67) of estimating the dis¬ 
tribution of radiant heat is not based on extensive theoretical 
considerations, but it does give results that were dependable 
in all instances studied. Radiation proceeds in all directions 
from point sources within the flame. It proceeds in straight 
lines and either strikes a cold tube surface and is absorbed or 
strikes a refractory wall. Upon striking a wall, the radiation 
first heats the wall; but after the wall reaches a temperature 
higher than that of the tubes, the wall itself begins to radiate. 
At the high temperature existing in pipcstill walls, the walls 
act as reflectors so that radiation falling upon the wall is reflected 
in such a way that the angle of reflection equals the angle of 
incidence. Each time the radiation is reflected, it becomes 
less intense, (1) owing to the heat lost through the walls by 
conduction and (2) because the intervening gas is heated. The 
intensity of reflected radiation, with the heat liberated con¬ 
sidered as unity, is somewhat as follows: initial radiation, 0.75; 
once reflected, 0.68; twice reflected, 0.61; and thrice reflected, 
0.54. The w^ay in w^hich this information can be used is shown 
in Example 67. 
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Example 67. Distribution of Radiation in Radiant Section.—4 scale 

drawing of the inside of a commercial furnace is shown in Fig. 138. I he 
distribution of radiation can be determined graphically by selecting a soun e 
of radiation in about the center of the flame and dividing the total radiatic-n 
into equal parts. Thirty-five equal units or rays of radiation are used ir 
this example. Only 9 rays are shown in Fig. 138 because if 35 are shown 
such a maze of lines results that the drawing is not intelligible. 



Fig. 138.—Distribution of radiation in radiant section. Refer to Example 67. 


The 35 lines or rays were completed as for the 9 shown in Fig. 138. Upon 
the first coil fall 9 rays of initial radiation; 8 rays of once-reflected radiation; 
3 rays of twice-reflected radiation; and 3 of thrice-reflected radiation. The 
total radiation (comparative units only) that is absorbed by the first coil is 


Initial. 9 X 0.75 = 6.0 

Once reflected. 8 X 0.68 = 5.44 

Twice reflected. 3 X 0.61 = 1.83 

Thrice reflected. 3 X 0.54' — 1.62 


Total radiation to first coil = 14.89 


There were 88 sq. ft. in the first coil so that the relative radiation per square 
foot is 


14.8 9 

88 


0.1695 


The average relative rate per square foot for all of the radiant surface was 
0.126 (see tabulation, p. 445), and the actual average absorption rate was 
11,000 B.t.u. per sq. ft. of projected area per hr. Hence the rate in the 
first coil is 

0 IRQ') 

X 11,000 » 14,800 B.t.u. 


The same computations for each of the three coils are shown in the following 
tabulation: 
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Relative heat units absorbed by 

' 

First Second Super¬ 
coil coil heater 

Initial radiation (No. rays X 0.75). 

6 

2 25 

1.5 

Once reflected (No. rays X 0.68). 

5.44 

1.36 

0.68 

I’wice reflected (No. rays X 0.61). 

1.83 

0.61 

0.61 

Thrice reflected (No. rays X 0.54). 

1.62 

0 

1.08 

Total heat units for each coil. 

14.89 

4.22 

3.87 

Surface in each coil (sq. ft.). 

88.0 

71.0 

23.0 

Relative absorption rate, heat units per sq. 
ft. 

0.1695 

0.0595 

0.168 


T, I u . 14.89 + 4.22 4- 3.78 ^ 

Relative ave. absorption rate = —88~^7T’+~23~'~ ^ ^*126 

Actual ave. absorption rate = 11,000 B.t.u. per sq. ft. 

Actual rates: 

0 

First coil. 11,000 X * 0^20 “ 14,800 

Second coil. 11,000 5,100 

Superheater. 11,000 =14,750 

The accuracy of the method can be improved by repeating the foregoing 
computations for several planes and for several point sources of radiation. 

CONVECTION 

The rate of heat absorption in the convection section can be 
approached with more assurance than for the radiant section. 
The only troublesome points are (1) the combination of radiation 
and convection heating that occurs through the first rows of 
the convection section and (2) the radiation from the hot gas and 
the walls of the convection section. The first difficulty is often 
handled by counting these tubes twice; i.c., the first two rows 
are counted as radiant tubes, and they are also counted as con¬ 
vection tubes. The second difficulty is discussed later. 

The empirical equation by Monrad “ is the only comprehensive 
formulation of convection transfer rates. For pipestills he 
suggests 

Heat Transmission in Convection Sections of Pipestills, Ind» Eng, 
Chem., 24 , 505 (1932). 
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he = - ^ojr - (80) 

where K = pure convection film transfer rate for flue gas flowing 
at right angles to staggered tubes (no radiation). 

G = mass velocity of gas at minimum cross section, lb. per 
sec. per sq. ft. 

T == average gas temperature, deg. F. abs. 

D = tube diameter, in. 

Equation (80) applies to any conventional arrangement of 
the convection section. However, the coefficient K is the pure 
convection coefficient, and it does not include radiation from the 
flame, from the hot gas, or from the walls. Monrad’' has made 
a study of these factors. The first of these is designated as hrg 
or the coefficient of heat transfer from the gas by radiation. As 
an approximation, the value of the gas radiation coefficient may 
be found by the following relation: 

hr„ = 0.0025T - 0.5 

where T is the average temperature in degree Fahrenheit of the 

flue gas. More exa(^t methods of computing this factor are given 

in the aforementioned reference. 

The second factor, the wall effect, ranges in magnitude between 

6 and 15 per cent of the sum of the pure convection &nd the 

radiation coefficients. 

r» ^ 11 ♦ /lr6 X A„, X 100 

Per cent wall effect = 77 —r-r 7 7 - n ' v 

{he + hrg + hrb)At 

where lirh = radiation coefficient from walls = 0.00688p(T/100)*. 
p = emissivity of wall surface, usually about 0.95. 

T = absolute temperature of tube, deg. R. 
he = pure convection coefficient (Eq. 80). 
hro == gas radiation coefficient. 

Subscripts w and t refer to the wall and tube respectively. The 
complete coefficient of heat transfer in the convection section 
may be computed from the preceding items as follows: 

100 + per cent w^all effect 
100 

In addition, the first convection tubes receive radiation directly 
from the furnace, but this additional heat may be better con¬ 
sidered as a part of the radiant section. 





X (he + hr,) (81) 
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A tabulation of approximate total transfer coefficients is given 
in Table 64. 

Table 64. —Approximate Convection Coefficients 


Velocity, 
ft. per sec. 

Temperature, 
deg. F. 

Size of tube (O.D.), in. 

2 

4 

6 

9 

800 

6.9 

5.8 

5.3 

9 

1000 ! 

7.2 

6.2 

5.6 

9 

1200 

7.5 

6.6 

6.0 

9 

1400 

7.8 

6.9 

6.4 

12 i 

800 

8.0 

6.7 

6.1 

12 

1000 

8.2 

7.0 

6.4 

12 

1200 

8.5 

7.3 

6.7 

12 

1400 

8.8 

7.7 

7.1 

15 

800 

9.0 

7.5 

6.8 

15 

1000 

9.2 

7.8 

7.1 

15 

1200 

9.4 

8.1 

7.4 

15 

1400 

9.7 

8.4 

7.7 


The area through which heat is transferred may be considered 
as the outside area of the tubes because the gas film coefficient 
controls. The resistances that are due to the oil film and the 
metal wall arc so small that they are usually negligible. The gas 
v^elocity seldom exceeds 15 ft. per second in stills that are depend¬ 
ent on a stack for draft. A stack draft of 0.6 in. of water will 
cause a velocity of about 15 ft. per second. At low capacities the 
velocity may be only 10 ft. per second, but in recirculation stills 
the velocity may exceed 25 ft. per second. 

Air preheaters are of many designs. Little data on the transfer 
rates are available. However, the rates are low because two gas 
films are present and because little radiation occurs. The rate 
probably ranges between 2 and 4 depending upon the velocity. 

Pipestill Losses. —The heat losses in pipcstills, when based 
on the net heating value, consist mainly of two items: (1) the 
sensible heat content of the stack gases above 60°F. and (2) the 
losses through the furnace walls, header boxes, roof, floor, etc. 
Pipestills are usually fired with 25 per cent or more excess air, 
and hence carbon monoxide is seldom reported in the flue gas, 
and no loss occurs by incomplete combustion of the fuel. No loss 
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due to the heat contained in the cinder or combustible in the 
cinder is necessary unless coal is fired. 

The brickwork of pipcvstills and boilers is not usually airtight. 
The following tabulation shows the flue-gas analysis at two points 
in a commercial still. 


Flue gas 

Radiant section 

Breeching 

Carbon dioxide. 

13.5 

7.6 

Oxygen. 

0.7 

9.4 

Carbon monoxide. 

0.3 

0.0 



Air leaked into the still in the radiant and convection sections 
and lowered the percentage of carbon dioxide. In this still, 
radiation occurred at a low percentage of excess air but the stack 
loss was for a high percentage of excess air. 

The stack loss may be rapidly computed by referring to Figs. 56 
and 57 (Chap. XI), but the method outlined in Example 32 
should be used for exact computations. In making a detailed 
heat-balance, the steam that is required to atomize the oil is 
easily forgotten. 

Actual plant data on the losses through walls, headers, roof, 
etc., of a pipestill will be discussed. The temperatures^- on the 
outside of the furnace were as follows: 

The walls were constructed with 131^ in. of refractory brick, 
4^^^ in. of insulation brick, an average sealed air space of 1 in., and 


Surfaces 

1 

Average surface 
temp., deg. F. 

Air temp., 
deg. F. 

Refractory walls, etc.: 



Shady end. 

140 

70 

Sunny end (slight breeze). 

158 

72 

Shady side (between headers). 

132 

69 

Sunny side (between headers, br(*ezes). 

183 

72 

Steel walkways and supports. 

105 

69 and 72 

Surface of suspended roof tile. 

323 

173 

Header boxes, etc.: 


1 

Shady side. 

230 

69 

Sunny side (breezes). 

261 

1 

72 


These temperatures were obtained by prcissing a thermometer against 
the surface by means of a piece of dry loose asbestos. Such temperatures 
are low, but in this case a correction was determined by measuring known 
temperatures by the same ipethod. 
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covering of cement board in. thick. Inasmuch as the 
u mperatures were higher on the sides exposed to the sun and 
: iie air temperature is not appreciably raised by the sun, the most 
dependable surface temperatures arc those of the shady walls. 

From the foregoing data and the natural-convection rates as 
given by Eq. (28), the following losses were computed (Table 65): 


Table 65.—^Losses from Pipebtill Walls 


Surfaces 

Wall 

temp. 

Air 

temp. 

Surface, 
sq. ft. 

AT 

■ 

Loss, B.t.u. 
per hr. 

Refractory walls.... 

136 

69 

1,632 

67 

1.92 

210,000 

Header boxes, etc... 

230 

69 

640 

161 

2.43 

250,000 

Roof. 

323 

173 

1,020 


2.96 

755,000 

Exposed steel. 

105 

69 

80* 

36 

1.71 

5,000 

Floor*. 

... 



... 


180,000* 

Total. 


■ 




1,400,000 


Estimated. 


At the time of this test, the still was developing 26,500,000 
B.t.u. per hour so that the radiation losses were approximately 


1,400,000 

26,500,000 


X 100 = 5.3 per cent 


This is a reasonable loss for stills operating in dry weather with a 
normal movement of air. For carefully built stills the loss from 
the radiant section may be considered as 3 per cent and from the 
convection section 2 per cent. 

Example 68. Design of Pipestill.—^Thirty thousand pounds of oil per 
hour is to be heated from 300 to 700°F., vaporizing about 66 per cent of the 
oil. About 10,000,000 B.t.u. per hr. is required for this service. A radiant- 
absorption rate of 20,000 B.t.u. per hr. per sq. ft. of projected area is advis¬ 
able. An efficiency of 75 per cent is satisfactory. The fuel oil has a net 
heating value of 17,600 B.t.u. per lb. and produces 14.7 lb. of flue gas if 
burned with no excess air. Twenty-five per cent excess air will be used in 
the design calculations. 

The pounds of air (no excess) per pound of fuel is 14.7 — 1 « 13.7. 

Tables 25 and 62 indicate that this fuel will have radiant properties 
between a heavy oil fuel and natural gas. 

Figure 137 shows that the percentage of the total heat liberation that 
will be absorbed in the radiant section will be about 53.5. 

If wall losses of 3 and 2 per cent are adopted for the radiant and convec¬ 
tion sections, the heat-balance can be set up as follows: 
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Per cent 

B.t.u. 

Efficiency (given). 

75 

100 

3 

2 

20 

53.5 

21.5 

10,000,000 

13,330,000 

400,000 

260,000 

2,670,000 

7,140,000 

2,»60,000 

Heat in fuel (heat liberation). 

Radi Ant SfiCtinri loS8. . .. 

Convection section loss. 

Stack loss (25—3—2). 

Radiant absorption. 

Convection absorption (75—53.5). 

Total. 

100.0 

13,330,000 



Radiant section: 


Radiant surface = 


7,140,000 

20,000 


= 357 sq. ft. (projected) 


If 3- by 4-in. tubes are used, the length of the effective radiant tubing is 

Convection section: The temperature of the stack gas is 810°F. (Fig. 56). 
'Fhe temperature of tin* gas as it enters the convection section can be 
obtained from the same figure. The heat that remains in the gas as it 
leaves the radiant section is 


100 - 53.5 - 3 = 43.5 per cent 

At 43.5 per cent (I'^ig. 56) the temperature is 1700°F. (This high tempera¬ 
ture indicates that more excess air should be us(‘d unless some decomposition 
can be tolerated.) 

The temperature of the oil as it enters the convection section is SOO^F., 
and the temperature at which it leaves can be computed as follow's: 

2,860,000 = 30,000 (t - 300) 0.6 
t = 460°F. 

The logarithmic mean temperature difference between the flue gas and 
the oil is 

(1,7(K) - 460) - (810 - 300) ^ 

, 1,700 - 4,600 

810 - 300 

The transfer rate can be estimated from Tal)le 64. At a velocity of 
12 ft. per sec. and an average temijerature of 1250°F. the transfer rate for 
3- by 4-in. tubes is about 6.95. 

2 860 000 

Convection surface = g outside surface 

Length of tubing « 477 ft. 

The total effective length for radiant and convection sections is 1,070 
plus 477, or 1,547 ft. 
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Recirculation and Air Preheat. —Many claims have been 
iiiado for the recirculation type of pipestill. In part these claims 
arc justified, but often they lead to misconceptions. The impor¬ 
tant advantages of the recirculation still are as follows; (1) The 
rate of radiant absorption can be controlled by adjusting the 
(juantity of flue gas that is recirculated, and (2) a low rate of 
radiant absorption can be obtained without building an ex(;es- 
sively large radiant section. If the duty of an ordinary still 
is increased to above its rated capacity, the rate of absorption 
in the radiant section increases greatly and all out of proportion 
to the increase in the duty. In the recirculation still the rate 
of absorption can be kept low b}'' increasing the circulation of 
flue gas. In t)oth types of stills the efficiency may decrease 
slightly, but the efficiency of pipestill heaters is not of major 
importance to the refiner. The most real (concern of the nffiiicr 
is to avoid deposits of coke with resulting costly shut-downs and 
to avoid discoloration of finished stocks by localized overheating. 
The absorption rate can be regulated in ordinary stills by using 
different quantities of excess air, but a great loss in the efficicuicy 
occurs if the absorption rate is lowered by even a few thousand 
B.t.u. 

In general, recirculation stills require less surface than simple 
stills of the same efficiency.However, the saving in the cost of 
surface must pay for the recirculation equipment, the gas-tight 
construction of the still, and the increased operating cost. Thus 
the initial cost is usually greater for the recirculating still, as well 
as the operating cost, so that the adoption of a recirculating still 
rests entirely with the advantage that it affords as a means of 
controlling the rate of radiant heat absorption. In the past the 
design of pipestills for low radiant-absorption rates was not well 
understood and the recirculation still was widely used. Today 
the industry is reverting to the use of simple radiant-type stills 
that are designed for a specific service. 

Table 66'* indicates the effect of flue-gas recirculation. Still 
1 was designed for no recirculation, an efficiency of 75 per cent, 
and a radiation factor of 0.5. Stills 2 and 3 are the same still as 
No. 1 except that flue gas was recirculated. The comparison 
is hardly fair because a recirculation still should be built with 
more convection surface. Hence stills 4, 5, and 6 are compared 

”Nbl8on, W. L., Modern Pipestill Heater Design, Recirculation, 
Petroleum Eng.^ June, 1933, p. 23. 
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Length of 
tubing for 
simple 
still* 

1,065 

1,105 

1,204 

720 

746 

802 

Length 

of 

tubing 

1,056 

1,055 

1,055 

720 

720 

720 

id 

W 

kO cO lO kO 

Radiant section 

Absorp¬ 
tion rate 

25,000 

22,100 

19,000 

44,700 

38.500 

32.500 

Per cent 
of heat 
in fuel 

S 3 2S 2 s: s 

ko ^ CO CO N 

Factor 
on Q 

0.5 

0.40 

0.325 

0.40 

0.311 

0.24 

Convection section 

-St 

7.6 

9.5 

12.0 

8.4 

10.8 

12.3 

Mean 
temp, 
diff., 
deg, F. 

810 

800 

750 

975 

915 

845 

Out, 

deg. 

F. 

2 2 S 2 2 2 

OC 00 b* 00 00 00 

In, 

deg. F. 

1680 

1630 

1540 

2100 

1930 

1700 

o 

•1* 

s 

Q 

On Q 
or on 

heat 

devel¬ 

oped 

13.3 
14.7 

15.4 

13.3 

14.7 

15.8 

On 

fuel 

13.3 

13.3 

13.1 

13.3 

13.3 

13.3 

Recircu¬ 

lation 

■ 

III III 

o »-i o o »-i 

d d 

StiU 

No. 

W CO ^ »o to 


* Nonrecirculation stills designed for the same radiant absorption rate as the corresponding recirculation stills. 
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in the same manner except that the nonrecirculation still 4 was 
designed for a radiant factor of 0.4. All of the stills were designed 
for an absorption of 10,000,000 B.t.u. per hour, the use of 25 
per cent excess air, and heating a crude oil stock from 300 to 
700®F. The last column in Table 66 shows the surface required 



10,000 15^000 20,000 2^000 

Absorption Rate^ B.tu. Per Square Foot (Pro)) 

Fia. 139.—Radiant-absorption rate when recirculating flue gas. 


to get the same radiant factor as with recirculation but without 
recirculation of flue gas. 

Examination of Table 66 shows essentially no difference 
between simple and recirculation stills except the rate of absorp¬ 
tion in the radiant section. Recirculation stills usually appear 
to more advantage than shown in the table because the con¬ 
vection section can be arranged for higher gas velocities than 
those used in computing Table 66. 

The effect of recirculation on the rate of radiant absorption is 
shown graphically in Fig. 139. In stud 3 ring recirculation stills 
the exact definition of the radiation factor R [Eq. (79)] must be 
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kept clearly in mind. This factor is the fraction of the total 
heat, developed in the flame, that is absorbed in the radiant 
section. Thus, in simple stills, R is the fraction of the heat 
contained in the fuel, whereas in circulation stills or air preheat 
stills it is the fraction of the total heat liberated in the flame; 
tliis total may consist of the sum of the heat in the fuel, the heat 
in the recirculated gases (above 60°F.), and the heat in the air 
(above G0°F.). 

Air preheat increases the flame temperature and the rate of 
radiant absorption so that it tends to defeat the advantage of flue¬ 
gas recirculation. Higher efficiencies can be obtained by air 
preheat, but the same efficiency can be obtained at about the 
same expense by building a larger convection section in the still. 
However, the burners can be more exactly adjusted if the primary 
air is under a slight pressure as in a preheat system. 

Pressure-drop. —To a large extent the pressure loss that occurs 
by friction in the tubes of a pipestill must be estimated by resort¬ 
ing to plant experience. Fair results can, however, be attained 
by the general method outlined on page 257. Pressure-drops 
computed by this method are shown in the following tabulation. 


-, 

Pressure-drop, lb. per sq. in. 

Actual 

Computed 

Crude oil. 

198 

192 

Reduced crude oil. 

124 

115 

Brightstock solution. 

197 

209 

Treated cylinder stock. 

85 

103 

Distilled cracking-stock. 

605 

563 

Distilled cracking-stock. 

394 

362 

Distilled cracking-stock. 

238 

275 



Tube Design. —The temperature difference that always 
exists when heat is delivered through a series of resistances 
becomes of great importance in the selection of pipestill tubes. 
Nearly all of the radiation that falls upon a tube must be 
absorbed, regardless of the transfer rate on the inside of the 
tube. The transfer of heat through the oil film is a conduction 
phenomenon, and hence a difference in temperature must exist 
between the main body of oil and the tube wall. Thus the 
temperature in the film and tube is higher than in the fluid. 
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Solid coke may be deposited because of the high temperature 
ill the oil film. As coke is deposited, the temperature in the tube 
l ises, and it continues to rise as coke is deposited until finally 
tlie tube attains the temperature of the furnace or it bursts. For 
normal thicknesses of coke, the amount of heat absorption is 
not decreased greatly. Partridge and White^^ find that a normal 
thickness of boiler scale does not decrease the rate of radiant 
heat absorption by more than about 3 per cent. In general, 
coke deposits act in the same manner. 

Pipestill tubes often receive radiation at the rate of about 
5500 B.t.u. per square foot per hour of outside surface or a rate of 
a 1 ) 011 1 9500 B.t.u. per square foot of inside surface. The velocity 
of tlie oil is usually su(*h that the film transfer rate is aliout 200 
B.t.u. per square foot per hour per degree of temperature differ* 
encc. Obviously the temperature difference through the oil 
film, if the tube is clean, is 

9,^0 ^ .7 .op 

“200 jBdbrtr ' 

Sr. X-Ftr^-X °F. 

If the oil temperature is 900®, the temperature at the inside 
of the wall is (900 + 47.5) or 947.5®F. If the wall is in. thick, 
the temperature drop in the wall will be 

j 1116 9,500 0.5 ICQ 

Deg. drop in walP^ = X ~ 


and the outside of the metal tube is at (900 + 47.5 + 15.8), or 
903.3®. 

If a Js-in. coke deposit having a conductivity of 0.5 is pro¬ 
duced, the tube temperature is increased by 


9,500 0.125 

6.5 ^ 12 


198®F. 


and the outside tube temperature is 

900 + 47.5 + 198 + 15.8 = 1161.3®F. 

These temperatures are shown in Fig. 140. 

“ The Effect of Boiler Scale, Ind. Eng. Chem., 21, 839 (1929). 
“ Conductivity of steel is ebovit 25 B.t.u. 
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^?Degree3 fahrenheif 


A temperature of 1160® (red heat) is too high for a carbo • 
steel tube because the strength drops to about 1,000 lb. per squart 
inch (creep strength) and the tube will fail. However, if th(: 
pressure is very low so that the coke can be deposited to thick¬ 
nesses greater than % in., the tube wall temperature continues 
to rise with increase in coke thickness and eventually the tube 
will attain the temperature of the furnace. At this stage the 

furnace must be fired harder, the 
temperature in the tube increases 
^950 ^ I 947.5 proportionally, the pressure-drop 

^ “y increases rapidly, and eventually 

^ tubes become plugged or they 

, I I offMd^ fail. 

V. ^ ^ , ... The rate of coke deposition is 

^Degrees fahrenheif ^ \ . 

^. not greatly dependent on the 

1161 sL amount of coke already deposited, 

—([ 1,145.5 but the rate can be retarded by 

« increasing the velocity or the trans- 

^ 1 I through the oil film. The 

^ ip 5 o' ^ depositing coke is directly 

S ^ ^ dependent on the thickness of the 

^1,000* because the thicker the. 

• 5 > ’( film the greater the volume of oil 

^50 - exposed to the 

^ ^^Sh temperature. Thus the rate 

of coke deposition will be related 
temperature. transfer rate and the tem¬ 

perature in the film. Figure 141 
shows the relative rate of coking for different film transfer rates 
and for common rates of total heat absorption. They are based 
on a rate of unity for a transfer rate of 300 and an absorption rate 
of 10,000. These conditions are commonly found in cracking 
plants. The data are only approximate because the velocity and 
the film transfer rate cannot be accurately computed. Only 
two factors were accounted for in computing Fig. 141; one, the 
temperature in the film and the way that it affects the rate of 
cracking, and the other, the thickness of the film. 


9475 

Main body 


Fig. 140.—Effect of coke on wall 
temperature. 


Figure 141 clearly shows why a hot. velocity exceeding 13 ft. per 
second is now commonly used in cracking plants. A higher 
velocity greatly increases the pressure-drop and aids little in 
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Transfer Ra+e 

Z 8 14 185 ZZ Appmimoi+e Hot 

Velocity 

Fig. 141 —Approximate relative i ate of coke foi mation 



Fig 142 —Steel structure of pipestiU. (A. /. Smith Enginemng Company ) 
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decreasing the formation of coke. Absorption rates of 10,000 to 
13,000, through the inside surface of the tube, are widely used. 
In topping plants the temperature in the main body of oil is 
much lower and hence Fig. 141 does not apply. 

Tube thicknesses are usually determined by means of th(' 
A.S.T.M. formula that follows, but an additional thickness of 



Fig. 143. —Rate of flow of cast <*arboii steel at elevated temperatures. {Kanter 
and AmcHcan Society for Testing Materials.) 

0.1 to 0.25 may be added to care for thinning by corrosion. 

.d(P + 250) + 0.0785 
2(S - P - 250)' 

where t =» thickness of tube wall, in. 

P = internal pressure, lb. per sq. in. 
d = internal diameter, in. 

S = working strength of steel (creep strength), lb. per 
sq. in. 

A thorough study of the stresses in thick-walled cylinders under 
conditions of creep and while heat is being transferred has been 
made by Baileyand by Rhys.^’^ 

Materials for High Temperatures. —The common method of 
measuring the strength of metals at high temperatures is by long¬ 
time heating tests. Short-time tests are unsuccessful because 

“ Bail£y, R. W., The Utilization of Creep-stress Data in Engineering 
Design, Proc. Inst. Mech. Eng. (London), 1935. 

Rhys, C. O.^ .\pplication of Bailey's Theory of Tube-stress Calculations, 
Proc. A.P.l.y THv. Refining^ 1938, p. 102, 
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in a furnace the metal stretches or creeps as time progresses and 
\\ ill fail under a load that appears to be safe by short-time tests. 
The effect of time on the strength of cast carbon steel is shown in 
4 Fig. 143.^* The creep strength or creep limit may be defined as 


Table 67.— Properties of Tube Steels 


Kind of steel 

Approximate 

composition 

Design * 
strength, 

Relative 

penetra- 

Rela¬ 

tive 

%Cr 

%Si 

% 

Mo 

lb. per 
sq. in. 

tion by 
scaling 

cost 

(1940) 

Killed carbon. 

0 

0.2 

0 

4,000 

1.0 

1.0 

( arbon rnolybdenura. 

0 

0.3 

0.5 

12,000 

1.13 

1.5 

Silicon molybdenum. 

1 chromium, silicon, 

0 

1.5 

0.5 

6,400 

0.73 

1.6 

niolybdciinim. 

1.25 chromium, silicon, 

1.0 

1.25 

0.5 

8,000 

0.84 

1.9 

molybdenum. 

1.25 

0.75 

0.5 

18,000 

0.77 

1.9 

2 (‘hromium, molybdenum 
2 chromium, silicon, 

2.0 

0.5 max. 

0.5 

9,300 

0.70 

2.1 

molybdenum. 

2.5 chromium, silicon. 

2.0 

1.25 

0.5 

9,000 

0.29 

2.2 

• molybdenum. 

3 chromium, silicon. 

2.5 

0.75 

0.5 

11,000 

0.55 

2.4 

molybdenum. 

3.0 

1.25 

0.5 

9,000 


2.5 

3 chromium ,i molybdenum 

3.0 

0.5 max. 

1.0 


0.46 

2.7 

5 chromium, molybdenum 

5 chromium, silicon, 

5.0 

0.2 

0.5 

10,000 

0.48 

3.3 

molybdenum. 

5 chromium, silicon, 
aluminum,! molybde¬ 

5.0 

1.5 

0.5 

9,000 

0.06 

3^.5 

num. 

5.0 

1.5 

0.5 

7,600 

0.03 

3.6 

9 chromium molybdenum 

9.0 


1.5 

9,000 

0.06 

5.3 

18-8 chromium nickel. .. . 

18.0 

(8Ni) 

0 

17,000 

0.01 

11.0 


* Ba8«d on creep strength at 1000®F. allowing 1 per cent creep in 10,000 hr. 
t About 0.7 per cent aluminum. 


the load (pounds per square inch) that a material can withstand 
at a high temperature without exceeding a given rate of stretch. 
Creep strengths are frequently given as the pounds per square 
inch that will not cause an elongation of more than 1 per cent in 
10,000 hr. A creep of 1 per cent in 100,000 hr. has also been 

* Strauss, Jerome, Trans. Am. Soc. Steel Treating^ 16, 191 ( 1929 ). 
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used in many tests. Table 67 shows pertinent properties c 
several common tube steels. 

Economic studies^® of the life of tubing materials as a function 
of strength, cost, and resistance to scaling by high-temperature 
oxidation indicate clearly that most alloy steel tubes are less 
expensive to install and operate than plain carbon steel tubes. 
If sulfide corrosion also occurs, the saving is even greater. The 
approximate resistance of tube materials to sulfide corrosion is 


somewhat as follows: 

Relative 

Penetration 

Steel (Carbon as 1.0) 

Carbon. 1.0 

Carbon molybdenum. 0.61 

Manganese molybdenum. 0.48 

1 chromium. 0.58 

1.25 chromium, silicon. 0.62 

2 chromium. 0.47 

4 chromium. 0.36 

6 chromium. 0.33 

6 chromium. 0.29 

9 chromium. 0.23 

13 chromium. 0.18 


The properties of other high-temperature materials that are' 
used in refineries'^" are shown in Table 68. 

Egloff and Morrellpresent the following comparison of return 
fitting plugs when used in Dubbs cracking stills: 


Material 

Chrome-plated iron. 

Steel. 

Nickel chrome iron. 

Aluminum bronze. 

Forged-chrome iron. 

Cast-chrome iron. 

Forged steel. 


Life before Replace¬ 
ment, Months 
. . .. 4 
.... 4>^-5 
.... 5 
.... 1-12 
. . . . Over 18 
.... Over 17 
.... 24 


Although forged steel will last for a long time, it is not so satis¬ 
factory as some other materials because the plugs cannot be 
easily removed. 

Nelson, W. L., Strength and Cost of Alloy and Carbon Steel Tubes, 
Oil Oew 7., June 3, 1937, p. 97; also June 24, 1937, p. 79. 

Nelson, W. L., Oil Gas /., Oct. 7, 1937, p. 94. 

Safety and Costs Chief Factors in Considering Alloy Steel for Cracking 
Equipment, Ref. Nat. Gaso, Mfr.^ April, 1931, p. 77. 





















T.\ble 68.—Chromium Alloys for High Tkmperaturks 
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* Relative to carbon steel taken as 1.0. 
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Shellstills and Heated Chambers—The heating of oil in 
shells or chambers is limited by the amount of heat that can 
conducted from the heated surface by means of the boiling oil. 
In commercial stills the maximum transfer rate is about 6 B.t.u. 
per square foot per degree Fahrenheit temperature difference 
per hour, and most stills operate at a transfer rate of about 4. 
However, if forced circulation is used or internal flues, the rate 
of transfer may be increased to as much as 12. The temperatun' 
difference is the difference between the oil temperature and the 
gas temperature. Thus the total heat transmission per square 
foot per hour amounts to about 4000 B.t.u. for an oil at 400°F. 
to as low as 2000 B.t.u. for an oil at 800°F. 
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CHAPTER XXIII 


FRACTIONATING TOWERS 

In the practical design of petroleum fractionating towers, the 
principles outlined for two-component systems are of only 
general value. These principles operate just as surely in the 
complex-mixture column as in two-component columns, but 
means of rigorously applying these principles have not been 
devised. To complicate their application further, petroleum 
columns are usually operated as multiple-drawn columns; i.c., 
several products may be withdrawn from the plates inter¬ 
mediate between the top plate and the feed plate. Needless 
to say, fractionation is not effective at these plates because 
a part of the vapor that passes them is the overhead or lightest 
column product, and hence the products that are withdrawn 
from the intermediate plato must contain some of this low- 
boiling material. Customarily, the products that are drawn 
from the side of the tower are separately stripped with steam, 
in auxiliary stripping columns or stripping sections. 

Heat and Material Balances.—Inasmuch as equilibrium 
methods of determining the reflux are not available, the reflux 
is universally computed by means of a heat-balan(;e. The vapor- 
liquid feed enters the tower at a high temperature, and the 
products are withdrawn at lower temperatures. Hence heat 
must be removed, and it is referred to as reflux heat. The reflux 
heat does not consist of sensible heat alone, because the products 
that are withdrawn as liquids must be condensed. For a 
particular operation, the reflux heat is an exact quantity of heat, 
but the heat may be removed in many ways, i.e., by hot, cold, 
or circulating reflux. 

The most satisfactory temperature datum appears to be the 
vaporizer temperature because this temperature can be accurately 
estimated and is the temperature about which the entire design 
of tower and pipestill hinges. By using this datum plane, the 
heat-balance consists simply of the sensible heat that is required 
to (1) cool each product from the vaporizer temperature to its 
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withdrawal temperature and (2) condense the products tha 
are withdrawn as liquids. The reflux that is computed by i. 
heat-balance is the minimum amount by which the process can 
function. Just enough cooling (by reflux) is provided to cool 
and condense the products, and hence no reflux flows into the 
vaporizer section of the tower. ^ At each side-draw plate the 
internal reflux is depleted by the amount of side-draw product 


CasoHne 



T Bottom^ Quantify of Reflux, Oallons 

Fia. 144.—Relative amount of reflux or overflow liquid at each tray of a 

bubble-tower. 

that is withdrawn. The depletion of the reflux as it flows down 
the column is illustrated in Fig. 144. The dotted lines refer to 
another manner of withdrawing reflux heat. 

Types of Reflux.— The ways of withdrawing reflux heat or 
the types of reflux are illustrated in Fig. 145. With any of these 
types, regardless of the volume of liquid reflux, the same quantity 
of heat is removed. Cold rejlux may be defined as reflux that is 
supplied at any temperature below the equilibrium boiling- 
point of the top product or, more simply, below the temperature 
of the top of the tower. Each pound of this reflux can remove 
a quantity of heat, equal to the sum of its latent heat and the 
sensible heat required to raise its temperature, from the storage- 

^ It is always possible to vaporize some of the bottoms product by using a 
higher vaporizer temperature. This causes some reflux to penetrate to the 
vaporiser section. 
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tank temperature to the temperature at the top of the tower. 
A constant quantity of reflux is recirculated from the product 
storage tank into the top of the tower. It is vaporized and 
condensed and returns in like quantity to the product storage 
lank. This recirculating quantity often amounts to three times 
the quantity of overhead product. 

Hot reflux is reflux that is admitted to the tower at the same 
temperature as that maintained at the top of the tower. Obvi¬ 
ously, the reflux or overflow from plate to plate in the tower is 
essentially hot reflux because it is always substantially at its 
boiling-point. For convenience, the overflow reflux or reflux 



Fig. 145.—Methods of removing reflux hoat. 

in the tower is referred to as internal reflux. Both hot and 
internal reflux are capable of removing only the latent heat, 
because no difference in temperature is involved. Sometimes 
five volumes of hot reflux are required per volume of product. 

Circulating reflux differs from the foregoing because it is not 
vaporized. It is able to remove only the sensible heat quantity 
that is represented by its change in temperature as it circulates. 
This reflux, is withdrawn from the tower as a liquid at aliigh 
temperature and is returned to the tower after having been 
cooled. This type of reflux may be conveniently used to remove 
heat at points below the top of the tower (side reflux). If used 
in this manner, it tends to decrease the volume of vapor that the 
tower must handle. This is illustrated in Fig. 144 by the dotted 
lines. 

Obviously, hot reflux is subject to fluctuations in the quantity 
and properties of the feed to the plant or to the quantity of cooling 
agent used^ so that it is not entirely satisfactory. In certain 
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cases, when this type is advisable, such as in vacuum-tower sys¬ 
tems, the major part of the reflux heat may be removed by hot 
reflux and cold reflux may be used to remove the rest of the 
reflux heat. Cold reflux has the advantage of affording an 
absolute control by means of the reflux pump. Circulating reflux 
can be controlled in the same manner, but the cost of pumping 
large quantities of liquid is excessive, and larger heat exchangers 
are necessary. Regarding the heat that can be saved by heat- 
exchange, the three systems arc comparable, although higher 
transfer rates can usually be obtained in condensers than in 
liquid-to-liqii id exchangers. 

The fact that the quantity of internal reflux flowing from 
the top plate of tlie tower is always the same, regardless of 
the type of external reflux used, is confusing. Vapor arises 
from the plate below the top and is condensed by the reflux 
on the top plate. If cold reflux is used, it will take about 2 lb. 
of vapor to heat and vaporize 1 lb. of cold reflux. Thus 2 lb 
of internal rc'flux flow from the top plate for each pound of cold 
reflux that is admitted to the top of the tower. Similarly, 
1 lb. of vapor may deliver enough lieat, as it condenses, to 
heat more than 2 lb. of circulating reflux. In this case, the 
amount of internal reflux is less than the amount of circulating 
reflux. When hot reflux is used, the amount of reflux is about the 
same as the amount of internal reflux. 

Example 69. Quantity of Reflux.—A tower-fractionating system is such 
that 2,000,000 Il.t.u. per hr. of reflux heat must be removed. Example 33 
illustrates the method of determining the reflux heat. How' many pounds 
and gallons of (1) hot, (2) cold, and (3) circulating reflux are required? 
Basis: 1 hr. 

The overhead product is assumed to be a 58 A.P.I. gasoline (6.22 lb. per 
gal.). The temperature at the top of the tower is 300®F. 

1. Hot Reflux .—The latent heat of the gasoline is about 123. * 

Lb. of hot reflux 
Gal. hot reflux.. 

2. Cold Reflux .—Assume storage tank at 100®F. 

Lb. cold reflux. 123 (300 - 100)0.575 “ 

8,400 
6 .*^- 


2,000,000 u 

~ ~ l23 — ~ 16,250 lb. per hr. 


16,250 

6.22 


2,615 gal. per hr. 


Gal. cold reflux 


« 1,350 
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3 Circulating Reflux .—^Assume the reflux is cooled from 300 to 200®F. 

Lb. circulating reflux.. ^05 = 33.100 

Gal. circulating reflux. =5,310 

TOWER TEMPERATURES 

In making a heat-balancc, the temperatures at which the 
\ arioiis products are withdrawn from the towTr must be deter¬ 
mined. These are usually assumed, but the sagacity of these 
assumptions vitally affects the entire tower design. Hence these 
temperatures must be as nearly correct as possible. In dealing 



Fuj. 146.—Approximate side-draw plate tcmperataroH for top;)i:»;r toweis. 

with a standard design—if there is such a design—the tempera¬ 
tures can be estimated with fair accuracy, but in most cas(‘s 
some factor such as a freak stock, excessive steam quantitic^s, (;r 
abnormal pressures connives to introduce .great errors into the 
estimation of these temperatures. The points in Fig. 146 were 
obtained from commercial operating data, and they show" the 
wide range of tower temperatures that are possible in even the 
simplest sort of a tower system. Nevertheless, this figure may be 
used to approximate tow"er temperatures if great accuracy is not 
required. Note that this figure is for crude oil topping tow^ers 
operating with less {ban 0.6 lb. of steam per gallon of feed-stock. 
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Although the following method of determining tower tempera¬ 
tures is open to many criticisms, it does take into account th( 
several variables mentioned above and yields results .that are 
in close agreement with plant data. Table 69 is a tabulation of 
computed and actual side-draw and top temperatures. 

Table 69. —Toweb Temperatures 


Plant unit No. 

Material 

Actual 
temp., 
deg. F. 

Computed 
temp., 
deg. F. 

Per cent 
error 

Plate temperatures: 





1. Crude. S. Am. 

Kerosene 

370 

367 

-2.1 

2. Crude, Seminole. 

Kerosene 

374 

376 

+0.5 

3. Crude, Ranger. 

Kerosene 

392 

302 


4. Crude, Fa. 

Naphtha 

330 

330 


4. Crude, Pa. 

Kerosene 

420 

417 

-0.7 

1. Crude, S. Am. 

Qas oil 

474 

473 

-0.2 

2. Crude, Seminole. 

Qas oil 

460 

474 

+1.1 

3. Crude, Ranger. 

Gas oil 

497 

470 

+5.4 

4. Crude, Pa. 

Qas oil 

010 

019 

+ 1.8 

6. Brightetock sol. 

Qas oil 

400 

455 

+ 1.1 

8. Cracking, M.C. 

Recycle 

000 

•562 

+ 1.3 

1. Crude, S. Am. 

Wax distillate 

600 

600 


2. Crude, Seminole. 

Wax distillate 

091 

630 

+6.6 

3. Crude, Ranger. 

Wax distillate 

099 

605 

+ 1.0 

0. Brightetock aol. 

Neutral oil 

000 

520 

+4.0 

0. Vacuum, 31 mm. 

Cylinder stock 

630 

625 

-1.6 

Top temperatures: 





1. Crude, S. Am. 

Gasoline 

202 

268 

+6.30 

3. Crude, Ranger. 

Gasoline 

206 

268 

+4.7 

4. Crude, Pa. 

Light gasoline 

243 

250 

+2.9 

0. Brightstook sol. 

Naphtha 

308 

319 

+3.6 

0. Vacuum, 28.0 mm. 

Gas oil and wax dist. 

400 

452 

+0.4 

7. Brightetock sol. 

Naphtha 

308 

312 

+ 1.3 

8. Cracking, 10 lb. gage. 

Pressure dist. 

390 

402 

+3.1 

9. Crude, Pa. 

Gasoline 

244 

253 

+3.7 

10. Crude, Pa. 

Gasoline 

286 

287 

+0.3 


Top Temperature* —Tower temperatures are dependent upon 
equilibrium vaporization phenomena. The temperature at the 
top of the tower must be just high enough to cause complete 
vaporization of the overhead product. A lower temperature will 
condense a part of the desired overhead product and incorporate 
it in the first side-draw product, and a higher temperature will 
cause the inclusion of high-boiling materials which are not desired 
in the overhead product. If the top of the tower is at atmos¬ 
pheric pressure and no steam is used, the equilibrium vaporization 
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curve of the overhead product will give the top temperature 
directly. The 100 per cent point on the vaporization curve (see 
gasoline, Fig. 147) is the lowest temperature at which the over¬ 
head product can be a vapor, and this is the top temperature for 
tlie simple conditions of a tower operating at a pressure of 760 mm. 
with no steam. Such a simple case is seldom found, and for 
normal conditions the top temperature at 760 mm. must be 
c orrected for the tower pressure and for the partial-pressure effect 
of steam. Example 70 shows how these corrections can be made. 

Example 70. Calculation of Top Temperature.—See Fig. 61 (page 197) 
and Example 33. The top temperatures for hot, cold, and circulating reflux 
will be computed. This system was actually operated with hot reflux and 
with circulating reflux, and hence a comparison with the actual tempera- 
^ tIIres is possible. Tower pressure 780 mm. at the top. 

These computations are based on the assumption that the top temperature 
is measured in the vapor above the top plate. If the temperature w’as 
taken in the liquid on the top tray (or one tray down), the temperature 
would be the same for all types of reflux. Temperatures taken in the vapor 
line are very erratic because the vapor that leaves the tower is superheated. 

A. Not Reflux .—See the quantities, etc. (Example 33). 

Mols reflux: 

Reflux heat = 1,860,000 B.t.u. (Example 33) 

L.H. at 286 = about 127 

Tu l,8fK),000 

Lb. reflux = ““ 14,600 


x/r 1 1,860,000 

Mols reflux = 127 X ~I l9 

Mols gasoline = = 28.7 

Mols vapor = i51.7 

Mols steam = = 31.5 

Total mols at top of tower ~ 183.2 


According to Dalton's law, the partial-pressure in the gas phase is 
So X 780 = 646 mm. 

The initial condensation temperature for the gasoline (100 per cent point 
on equilibrium vaporization curve) is 296°F. (Fig. 147). 

The temperature of 296 corrected to 646 mm. is 284®F. 

The actual top temperature when using hot reflux was 286®F. 

B. CiretUaiing Reflux .—When circulating reflux was used, the top tem¬ 
perature was 244®F. The reflux circulated between 264 and 166°F. The 
circulating reflux does not vaporize, and hence only the gasoline vapor and 
the steam need be considered. 
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Mols gasoline. 28.7 

Mols steam. 31.5 

Total mols. 60.2 

28 7 

Partial-pressure = X 780 = 372 mm. 

Correcting 296 to 372 mm. pressure gives 250°F. 

The actual top temperature was 244°F. 

C. Cold Reflux. —With a lower top temperature (approximately 280°F.) 
more reflux heat will be required. The heat-balance given in Example 33 
is correct except that the sensible, heat of the gasoline and of the steam will 
he different. 

Corrections to heat-balance given in Example 33 for a top temperature 
of 280°F. 

B.t.u. 

Gasoline. 3415(286 - 280)0.485 X 1.06 = 10,500 

Steam. 567 (286 - 280) 0.5 - 1,7 00 

Correction = 12,200 

Reflux heat = 1,860,000 -f 12,200 = 1,872,200 B.t.u. 

If the cold reflux is available at 80°F., 


T 1 1 ] a 1,872,200 pm »yf\g\ 

Lb. cold reflux = 127 + (280 - 80)0.58 " 


Mols cold reflux = = 64.7 

1 ly 

Mols gasoline. 31 

Mols vapor. 95.7 

Mols steam. 31.5 

Total mols. 127.2 


95 7 

Partial-pressure — ^ ~ mrn. 


The equilibrium temperature of 296° corrected to 587 mm., gives 277°F. 

Side-draw Temperature. —The method of calculating side-draw 
temperatures is much the same as the calculation of the top tem¬ 
perature except that complications arise because of the presence of 
the low-boiling materials that pass the draw plate. Furthermore, 
the equilibrium condensation curve, and particularly the point on 
this curve that denotes complete condensation, is the basis for 
computing these temperatures. Flash vaporization and quench 
condensation are identical phenomena under equilibrium condi¬ 
tions, and hence the 0 per cent point on the flash-vaporization 
curve is the final condensation point. At this temperature 
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the side-draw product can be completelj^ condensed at 760 mm. 
prcasure if no lighter products or steam are present at the plate. 

In practice, steam and vapor of lighter products are usually 
j)resent, and hence the effect of these vapors on the final condensa¬ 
tion temperature must be estimatcHl. The lighter vapors that 
pass the plate exhibit a wide range of composition. These 
light vapors extend from materials boiling at almost the same 
temperature as the side-draw product to materials that are 
substantially fixed gases. Those vapor materials which are far 
above their boiling-point behave as fixed gases and lower t}i(‘ 



Fiq, 147.—A.S.T.M. distillation and fla.*}!!-vaporization curves of products used 
in Examples 70 and 71. 

condensation point by Dalton\s law^ of partial-pressures just as 
steam does, but those vapor materials which are at or near tbeir 
boiling-point are not effective in reducing the partial-pressure. 
Arbitrarily, the vapors of materials that will be condensed at 
the second or higher draw plate above the plate under con¬ 
sideration may be considered to act as fixed gases. Also, the 
vapors constituting the material that is withdrawn from the 
draw plate above the one under consideration are assumed 
to have no effect at all on the partial-pressure. Thus in a 
tow^r producing gasoline, kerosene, and gas oil, at the gas oil 
draw plate the gasoline vapor would be considered as a fixed 
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gas, whereas kerosene vapor would be assumed to have no effect 
on the condensation point. This arbitrary classification of 
vapors appears to be accurate unless the quantity of one of the 
products is very large or very small. In such a case, the designer 
can only rely upon judgment. Example 71 illustrates these 
factors. 


Example 71. Calculation of Side Temperatures.—This example is a 
continuation of Examples 33 and 70. The temperature (420°F.) of the 
kerosene plate (Fig. 61) will be computed (Envelope II, Fig. 61). 

The quantity of reflux heat and reflux (or vapor reflux) that is present 
on the kerosene plate must be determined. This is computed by making 
a heat-balance up to the kerosene plate. 

Heat-balance to kerosene plate (Example 33): 


(bol gasoline vapor. 3,415(576 — 420)0.595 X 1.06 = 325,000 

Cool naphtha vapor. 754(576 - 420)0.59 X 1.06 = 73,700 

(k)ol kerosene vapor. 2,765(576 — 420)0.58 Xl.06 = 265,000 

(^ool gasoil vapor. 1,530(576 — 510)0.592 X 1.06 ~ 63,500 

Cool reduced crude liquid... 5,610(576 — 510)0.722 X 1.03 = 276,000 

1,003,200 

Cool steam. 567(535 - 420)0.5 « 44,000 

Condense gas oil. 1,530 X 84 * 128,500 

Condense kerosene. 2,765 X 100 *= 276,500 


Reflux heat at kerosene plate. 1,452,000 


Mols internal reflux. =74.5 

The internal reflux contains the kerosene, and hence the kerosene need 
not be added as a material whose partial-pressure must be reduced. 

Mols of materials that act as fixed gases: 

Steam. 31.5 

Gasoline. 28.7 

Naphtha (no effect one way or other). 

60.2 

Total mols of vapor. 74.5 + 60.2 ~ 134.7 

Assume a tower pressure of 950 mm. 

74 5 

Partial-pressure at kerosene plate = X 950 = 536 mm. 

The atmospheric complete condensation point is 445'*F. (Fig. 147). Correct¬ 
ing this temperature to 536 mm. gives 419®F. The actual teinperature 
was 420®F. 

The gas oil plate temperature can be computed in a similar manner except 
that kerosene is considered as an inert material and the gasoline and naphtha 
both act as fixed gases. 
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In applying the foregoing method to the design of a fractionat¬ 
ing tower, the lowest draw-plate temperature should be computed 
first. The temperature on the lowest plate is assumed; and after 
the heat balance is computed, the assumption can be checked. If 
it is not correct, then a second assumption must be made. Each 
draw-plate temperature, progressing upward in the tower, is 
computed by such a trial-and-error method until all of the plate 
temperatures and the top temperature have been computed. 

COLUMN DESIGN 

The design and construction of petroleum oil columns are 
govx»rned largely by empirical methods. So many variables rnav 
affect the performance of a fractionating column that engine(»rs 
have not been able to study all of them carefully. 

Even the thickness of the tower .shell and plates is estimated 
by a consideration of the corrosion that may o(H*ur rather than on 
a consideration of the pres.sure. The thickness normally ranges 
from ill- for columns loss than 3 ft. in diameter to more than 
J 2 in. for columns exceeding 5 ft. in diameter. For very high- 
pressure columns or chambers the thickness is computed, and it 
may be as great as 4 in. for a column that is to operate at 1,000 Ibr 
per square inch and at a high temperature. 

Plate Design.—In the past columns containing only baffle 
plates were widely used, but such towers have be(*n rapidly 
replaced by the more effective bubble-plate typ(^ of tower. 
However, the baffle-type tower is sometimes used for the follow¬ 
ing special services. 

1. Fractionating very high-tcmperature vapor wliicli tends to deposit coke. 

2. Contacting hot vapor and cold oil for the purpo.se of pure lusat-exchange 
or when the effectivens.s8 of the separation or fractionation is not 
important. 

3. For certain vacuum fractionation .systems in which only an extremely 
small pressure-drop is permissible. 

4. Fractionating materials that contain suspended matter, such as lime 
or coke. 

Another type of column that is occasionally used is the packed 
column. However, packed columns should not be used in diam¬ 
eters exceeding about 20 in. because the liquid tends to channel 
and drain down the walls rather than through the packing. 
Packed columns are occasionally used as steam stripping columns 
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if the quantity to be stripped is very small, but they are not used 
to a great extent in the oil industry. 

Nearly all modern columns are modifications of the bubble- 
tower type of column. The vapor that travels up the column 
bubbles through a bath of reflux liquid that is contained on each 
plate. Figure 148 illustrates the general features of a bubble 
plate. The plates, are most often constructed of plate steel. 
Steel plates are welded to the shell of the tower, but cast-iron 
trays must be sealed into the tower shell by means of packing. 
Cast iron is more resistant to corrosion than steel; but the major 
corrosive action takes place at the liquid-vapor contact line, and 
hence the superior resistance of the east-iron plate is of little 



value. Cast-iron bubble' caps are used almost exclusively, 
although pressed alloy-steel caps are sometimes used in vacuum- 
towers. Steel caps can be more closely spaced, thus allowing a 
larger area for the vapor as it passes through the caps. Many 
caps are of the removable type; t.c., the vapor uptake and cap 
proper can be assembled on the plate. Usually a single bolt is 
used to fasten the cap, and the cap is sealed to the plate by a 
gasket. The fastening of caps to the plate by means of bolts is 
not an entirely satisfactory arrangement. The bolts become 
rusted, and many of the caps cannot be removed without breaking 
them. A more satisfactory arrangement is shown in Fig. 148. 
Here the vapor uptake-port is rolled into the plate, and the cap 
that sets over the uptake is held dowm by a bar. In other 
arrangements the heavy bell of the cap rests by its own weight 
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over the uptake. Removable caps and a manhole above each 
plate are considered as best practice. 

The exact design of the bubble cap is probably of little impor¬ 
tance except from the standpoint of cost. The sliape of the slots 
appears to have little or no effect.- The same shape of bubble 
is produced regardless of the shape of the slot. At low velocities^ 
flat disk-shaped bubbles are produced; and at high velocities a 
channeling appears to occur, and a continuous elongated bubble 
space extends through the liquid. Contrary to common belief, 
Ivailam^ reports that more effective contacting occurs at low 
velocities than at high velocities. 

Table 70 is a tabulation of the dimensions and areas of several 
bubble caps. 


Table 70.— Comparison of I^ibble (^aps 


ManufactunT 

O.D., 

in. 

Chiiniu'V or 
vaj)or u])tiikc 
per cap, 
sq. ft. 

Slots, 

ar(‘a 

per cap, 
sq. ft. 

Slot area 
Column ar(‘a 

Mat (‘rial 

A. 

4 

0.0204 

0.0372 

0.144 

C.I. 

A. 

3 

0.0232 

0.0165 

0.183 

Steel 

B. 

5 


0.0356 

0.115 

C.I. 

C . 



0.0496 

0.145 

C.I. 

D. 

4M 

0.0204 

: 0.0348 

0.112 

C.I. 

K. 

4 

0.0208 ^ 

1 0.0396 

0.150 

C.I. 

F. 

3 X 10* 

0.1001 

0.0921 

0.101 

C.I. 


* Rectangular cap. 


In addition to round or bell-shaped bubble caps, the so-called 
tunnel-type trays and caps are used by many companies. These 
trays consist of liquid troughs several feet in length, or even acro.ss 
the entire tray, arid vapor uptakes of the same length. A 
curved elongated cap or tunnel lies over the uptake, causing the 
vapors to bubble through the trough of liquid. The trays func¬ 
tion satisfactorily, although spouting of the liquid has been 
reported. Perhaps the difficulty was as much due to faulty 
leveling of the plates or placement of the tunnels as to errors in the 
theory of this type of plate. 

* Kallam, F. L., Notes on Absorber Design No. 1, Petroleum Eng., April, 
1934, p. 33. 
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Many designs of the so-called sieve-type plates have been 
proposed from time to time, although they have never been 
adopted as standard tray designs. In these plates, small aper¬ 
tures are provided, and both the liquid and the vapor pass 
through the same opening. Obviously, such plates cannot be 
operated at a high capacity because the liquid fails to drain 
through the plate. However, these plates operate with very low 
pressure-drops, and hence they may become of importance in 
vacuum fractionation. 

The design of the downpipes or downspouts which carry the 
overflow liquid from one tray to the next has not received the 
attention that it deserves. Many towers fail to perform properly 
simply because the downspouts are inadequate. The liquid that 
flows through the downpipe is in the form of a froth. The weir 
or edge of the downspout (Fig. 148) may be the limiting factor, or 
the cross-sectional area of the downpipe may cause liquid to 
accumulate. ICither of these two factors will materially decrease 
the capacity of the fractionating tower. 

Kallam^ has made a study of the construction of downpipes. 
Several downspout arrangements were installed in the same 
tower. At an oil-to-gas ratio of 30 gal. of oil per thousand cubic 
feet of gas, the plates performed as shown in Table 71. A study 
of the fall-distance and the interference of several streams of oil 
flowing into the same downspout is also discussed.^ 

Table 71 indicates that two factors are involved in the per¬ 
formance of the downspout, one the area and the other the perim¬ 
eter. However, the perimeter must be placed so that the liquid 
can overflow easily as well as be sufficiently long. The weir on 
plate 2 is effective along its entire length, but the weirs on the 
other plates are not completely effective. 

At the present time the downspout periphery or perimeter is 
usually estimated by the weir formulae given in Chap, X, but an 
ample length of weir and an ample downspout area should be 
provided. The liquid velocity in the dowmpipe (based on no 
froth) usually should not exceed 4 in. per second. In many 
designs a velocity of 2 in. per second will not incur a large expense, 
and the use of a low velocity gives better results. 

The overflow weir or dam is usually designed so that it will hold 
a liquid level (no froth) of 0.5 to 1.5 in. above the top of the slots. 
Actually, the liquid flows across the tray as a froth and the level 
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efiuipment, must be kept at a minimum. In towers operating at 
atmospheric pressure, the average pressure-drop per plate is 
about as follows: 


Top Tower Velocity, 
Ft. per Sec. 

1 ' 

2 

3 

4 


Lb. per Sq. In. per Plate 
0.05 
0.12 
0.18 
0.25 


The pressure-drop increases as the amount of licpiid that flows 
across the plate is increased. These figures are for normal 
rates of licpiid flow. The pressure-drop through pressed-steel 
caps, when installed in vacuum-towers operating at about 
40 mm. pressure, rangers from about 0.7 mm. per plate at a super¬ 
ficial vapor velocity of 7 ft. per second to al)out 1.2 mm. per 
plate at a velocity of 13 ft. per second. The submergence of the 
slots in the liquid was bi. 

Kallam'* reports that absorption towers, operating at a superfi¬ 
cial gas velocity of 1.1 ft. per second, give pressure-drops as follows: 


Oil-to-gas ratio, gai. 
per 1,000 cu. ft. 

Pressure-drop per plate, lb. per sq. in. 

16 plate column 

Single plate 

10 


0 02 

30 

0.06 


60 


0.14 


As an aid in computing liquid quantities arid the general 
conditions within the tower, the following data will prove useful. 
The properties of the various liquids in a tower approach a con¬ 
stant value if compared at the temperature in the tower. How- 

Specific gravity. 0.684 (42.7 lb. per cu. ft.) 

Surface tension. 12.5 dynes per sq. cm. 

Viscosity; 

Gas oil—470®F. 0.45 centipoises 

Kerosene—375°F. 0.27 centipoises 

Naphtha—335®F. 0.23 centipoises 

ever, if a large amount of steam is used or if the processing is 
conducted in a vacuum, the coastants are not exact. These 
data were compiled by using actual plant temperatures. 

* Notes on Absorber Design No. 2, Petroleum Eng,j June, 1934, p. 29. 
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Plate Spacing and Entrainmen?. —The obtainment of equilib¬ 
rium on a bubble plate is governed by two opposing factors. 
One of these, the intimacy of vapor-liquid contact, tends to 
produce equilibrium; but if the contacting or bubbling is too 
violent, licpiid particles will be carried from one plate to the 
next by the vapor and will tend to destroy the separation that 
has been obtained. Thus agitation produces equilibrium, but 
at the same time entrainment occurs and partly destroys the 
ecpiilibrium. 

Two kinds of entrainment can occur. One is a distin(*t splash¬ 
ing, spraying, or spouting of liquid particles. The particles 
are thrown upward by the velo(*ity they attain at the slot of 
the cap, and they wall fall back into the liquid if they expend 
their energy content before they reach the next plate. The 
licluid particles are relatively large, and a relatively high velocity 
is necessary to cause them to be throwm to a height of 18 in. 
This kind of entrainment can be eliminated almost entirely by 
placing the trays far apai't. 

The other kind of entrainment might be referred to as ^^mrry- 
ing.^' Very small particles of liquid do not f^ll through the vapor 
as fast as the vapor rises, and they are carried by the vapor stream 
to the plate above. At a given velocity, all particles smaller 
than a certain size will be carried by the vapor to the plate above 
and the larger particles will fall slowly back to the parent plate. 
At ordinary vapor velocities, the size of the particle that can be 
carried from plate to plate by the vapor appears to be between 
0.1 and 0.2 mm. in diameter. 

Thus the velocitj^ is limited by two factors: It should be high 
so that intimate contact will result, and yet it must not be so 
high that undue entrainment will o(Tur. Chillas and Weir^ 
report that entrainment is negligible at a velocity of 2 ft. per 


Material 

Pressure 

Linear velocity, 
ft. per sec. 

Per cent 
entrainment 

Gasoline. 

Atmospheric 
Atmospheric 
20 inin. 

14 

0.25 

Gasoline. . 


0.8 

Gas oil. 


1.8 

Air-w’^ater. 

Atmospheric 

Atmospheric 


0.04 

.\ir-w'ater. 

2.2 

0.7 


1 


^Ind, Eng. Chem., 22 , 206 (1930). 
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second but that it amounts to 7 and 20.5 i)er cent at 4 and 
5.5 ft. per second. In commercial columns, having trays spaced 
at 22 in., the entrainment® is approximately as shown in the table 
on page 480. 

Souders and Brown^ have derived the theoretical suspending 
velocit}’^, and they show the effect of tray spacing on entrainment, 
[liquation (82) (page 485) for the allowable vapor velocity in 
columns is based on a consideration of entrainment. For a 
water-air system operating at the velocity normally maintained 
in petroleum towers, the entrainment at a spacing of 22 in. is 
less than 4 per cent of the entrainment at 12 in. In alcohol- 
water towers-"* the entrainment for a 1-in. seal (static) was found 
to be seven to eighteen times as great at a spacing of 12 in. 
as at 18 in., and actual entrainments were as follows: 


Vapor velocity, 
ft. per sec. 

EutraiTimcnt, mols liquid per mol dry gas 

1 

At 18-in. spacing 

At 12-in. spacing 

.\t ()-in. spacing 

1.0 

1 


0.004 

1.5 


0.(K)6 

0.25 

2.5 


0.04 


3.0 

0.006 

0.11 


3.5 

0.009 

0.3 


5.0 

0.033 



7.0 

0.19 




The use of baffles or other devices to remove entrainment 
naturally permits the use of higher velocities. However, the 
cost of these devices and the difficulties with corrosion have been 
deterrents to their use. A separating device, termed the Centri- 
fix,® ajjpears to be effective in removing entrainment. This 
device has been used to clean the vapor from a tubcstill before it 
enters the fractionating tow^er. Steel wool has been used for 
the same purpose, but it becomes plugged with coke and corrosion 
scale. When used in this manner, the Centrifix is effective in 

® Analysis of commercial plates by the author. 

^Fractionating Columns—Entrainment and Capacity, Rvf. Nat. Gaso. 
Mfr.f January, 1934, p. 32. 

• Anon., Prevention of Entrainment in Tube Still Processing, Ref. Nat. 
Gaso. Mfr.f February, 1934, p. 70. 
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improving the color of the product that is withdrawn above the 
vaporizer and in reducing the amount of acid that is required to 
treat the product. The performance of the Centrifix separator 
is indicated in Table 72.® A 9-in. layer of steel wool® is able to 


Table 72.— Removal of Entrainment from Vapor 


Crude 

Hivis product 

Per cent 
of crude 

Vis. at 
210 ° 

O.D.* 

color 

without 

Centrifix 

O.D.* 
color 
\sdth 
C'en trifix 

Color re¬ 
duced to 
these per 
cents of 
original 
color 

Reagan. 

6 

140 

5.800 

1,550 


East Texas. 

6 

140 

11,900 

1,650 

13.8 

Little Paiihandh'. . . 

5 

125 

13,400 

4,000 


Barbers Hill. 

8 

145 

3,000 

1,500 

D 


* The o|)tical dousity (O.D.) color scale of The Atlantic lielining Company is directly 
proportional to the depth of color. 


reduce the color to about one-twentieth of the color when no 
wool is used. Chillas and Weir® have also studied the effect of 
a special baffle, similar to Venetian blinds, on entrainment. 

Kallam^ presents information concerning tray spacing. He 
finds that the capacity of an absorber was more than doubled 
by increasing the tray spacing from 7 to 14 in. and that at the 
same time half as many tra^^s gave almost as good a separation. 
The trays in petroleum oil columns are usually spaced at 18 
to 24 in., and for vacuum service they are sometimes spaced 
at 36 in. There are two reasons for this spacing: (1) The entrain¬ 
ment is low, and (2) space is available for the installation of 
manholes above each tray and for the steel bracing that is 
necessary in large-diameter towers. In several instances, refiners 
have found that the removal of every other tray in a closely 
spaced column (10 in.) has resulted in better fractionation. 
The spacing of the trays is involved in the velocity equation 
(Eq. (82), page 485]. By u.sing Eq. (82), the cost of building 
and operating a crude oil topping tower is found to be lower at a 
s[)aciug of about 25 in. than at any other spacing. 

» Ind, Eng, Chem., 82 , 206 (1930). 
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The centrifuge contactor^® developed by Podbielniak promises 
radical improvements in our methods of conducting fractionation 
and other countercurrent processes. In a bubble-tower the 
separation of liquid and vapor between each plate is effected by 
means of gravity, whereas in the centrifuge contactor the 
separation is facilitated by means of centrifugal force. One 
arrangement of the equipment consists of a spiral plate having a 
space between turns of only about % in. A connection for 
^\ithdrawing the fractionated vapor and another for introducing 
leflux liquid are situated at the center of the spiral; and the 
mixture of vapor from the still is introduced at the outside of the 
spiral. The spiral revolves at a high speed and by centrifugal 
force causes the liquid to travel as a thin film along the entiie 
length of the spiral plate from the center to the outside. Tim 
vapor travels in the opposite direction through the spiral, by 
the difference in pressure between the outside and the inside of 
tlie spiral. It is claimed that a vapor velocity of 40 to 80 ft. 
per second can be maintained because of the elimination of 
enti-ainment, and more than 50 theoretical plate equivalents (^an 
be obtained in a practical commercial equipment. 

Plate Efficiency.—In general, plate efficiency is the ratio of 
the performance of an actual plate to the pfuformance of some 
ideal plate. Plate efficiency may be defined as the ratio of 
the amount of a given component that is absorbed by the litpiid 
upon the plate to the amount that would be absorbed were equi¬ 
librium actually attained. 

A tlierrnal definition has also been used. Plate efficiency 
may be defined as the heat actually removed from the vapor 
passing through the plate divided by the heat that would be 
removed if eciuilibrium wmre attained. At equilibrium the 
temperature of the vapor above a plate and of the liquid on the 
plate are equal, whereas on an actual plate the temperature of 
the vapor Is higher than the temperature of the liquid. 

The ideal plate tacitly assumed in fractionation equations 
is one in which all the vapor from the plate below comes in 
contact with liquid of constant composition from the plate above 
and is in equilibrium with, the liquid overflowing to the plate 
below; z.c., the ideal plate assumes a single perfect equilibrium 
conta<^t per plate. However, plates in an actual column usu- 

Podbielniak Industrial Research and Engineering Laboratories, Chicago. 
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ally involve a number of successive contacts per plate. The 
liquid changes composition progressively as it flows across the* 
plate, so that the vapor flowing through each successive row of 
caps approaches equilibrium with a liquid of different composi¬ 
tion. Even if equilibrium were attained at each contact, the 
composition of the average vapor leaving the plate would be 
considerably different from the composition of the vapor that is in 
equilibrium with the liquid that overflows from the plate. It 
has been shown^^ that the successive contact plate, upon which 
equilibrium is attained at each contact, produces a greater 
change in the composition of the vapor passing through it (z.c., 
it is more efficient under ideal conditions) than is the usual ideal 
plate which involves a single equilibrium contact. This phenom¬ 
enon probably accounts for some of the high plate efficiencies 
(greater than 100 per cent) that have been reported in the 
literature. 

In general, plate efficiency may be regarded as the resultant of 
two distin<*t and o})posing effects. One of these is the approach 
to equilibrium between liquid and vapor; the other, the entrain¬ 
ment of liquid by tlie vapor, tends to destroy the equilibrium 
that has been attained. Plate efficiency is an exceedingly 
complex factor. It varies with the mechanical details of plate 
and column, with vapor velocity and density, and with the 
properties of the oil. The plate efficiency differs not only 
for various fractionating towers but also from plate to plate in a 
single column. 

The plate efficiency probably ranges from 70 to 90'per cent for 
petroleum oil columns. Authorities on natural-gasoline plant 
design use 55 to G5 per cent for absorber-column plates operating 
at a low pressure (30 to 50 lb. gage). The efiicienc 3 ^ for high- 
pressure (400 to 600 lb.) absorber plates is said to be 45 to 55 
per cent. However, Brown and othersreport plate efficiencies 
of 100 to 108 per cent in the analysis of the performance of a 
commercial natural-gasoline stabilizer. 

One of the most complete studies of plate efficiency has been 
made by Peavy and Baker, ^ but they studied alcohol-water. 
Their results indicate that entrainment is the main reason for 

Brewster, O. C., Oil Gas J,, Apr. 3, 1930, p. 41. 

Brown, Souders, Nyland, and Hesler, Design of Fractionating 
Columns, Ref. Nat. Gaso. Af/r., May, 1935, p. 227. 
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Approx, vol... .459 X 379 X X ~ 8,050,000 cu. ft. per hr. 

119 400 

... 8 ; 05 ^ = ^ 

Assume di = 50 1b. per cu. ft. (it can be computed from Fig. 43). 

d2(di - da) = 0.0148(50 - 0.0148) = 0.74 

l h(‘ constant C for a surface tension of 20 is about 700 (Fig. 1.50). The 
allowable mass velocity, IF = 602. 

Cross-sectional area of tower = = 198 sq. ft. 

602 

The diameter is 15.9 ft. with no factor of safety. (The actual tower that 
was us(>d for these conditions was 17 ft. in diameter.) The linear velocity 
corresponding to tlie foregoing is 11.3 ft. per sec. 

FRACTIONATION OF COMPLEX MIXTURES 

The difficulties in outlining mathematically the process of 
fractionation as ajtplied to complex mixtures have long hem 
almost unsurmountablc. The subject has been approached by 
numerous investigators,but in all instances, including the 
method presented hereafter,the methods are so complicated 
that application to specific design problems is impractical and 
may even be misleading owing to the accumulation of the effi^cts 
of even small errors. In view of this situation, the most practical 
uses for these design methods are studies of the relations among 
such variables as amount of reflux, number of plates, and purity 
of products and as a means of establishing the fundamental con- 

Brown and Soijders, Trans. Am. Inst. Chem. Eng., 30, 438 (1934). 

** Brow^n, Souders, and Hbsler, Trans. Am. Inst. Chem. Eng., 30, 457 
(1934). 

Brown, Souders, and Nyland, Ind. Eng. Chem., 24, 522 (1932). 
Fenske, M. R., Ind. Eng, Chem., 24, 482 (1932). 

Lewis and Wilde, Trans, Am. Inst. Chem. Eng., 21, 99 (1928). 

Lewis and Matheson, Ind. Eng. Chem., 24, 494 (1932). 

Lewis and Cope, Ind. Eng. Chem ., 24, 498 (1932). 

** Robinson and Gilliland, “The Elements of Fractional Distillation,“ 
McGraw-Hill Book Company, Inc., New York, 1939. 

“Thiele and Geddes, Ind. Eng. Chem., 24, 289 (1933). 

“ Gilliland, E. R., Ind. Eng. Chem., 27, 260 (1935). 

“ Underwood, A. J. V., /. Soc. Chem. Ind., 62, 223T (1933); and Trans. 
Inst. Chem. Eng. (London), 10, 112 (1932). 

“Jenny, F. J., Trans. Am. Inst. Chem. Eng., 36, 635 (1939). 

” Nelson and Roland, Ind. Eng. Chem., 30, 730 (1938); and ten articles 
in Oil Oaa J, referred to later. 
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cepts and theory of fractionation. No simple methods are avail¬ 
able, and they are so complicated and fraught with trial-and-erroi 
computations that investigators have found difficulty in evcii 
explaining their methods to others. 

When applied to wide-boiling-range mixtures such as the cus¬ 
tomary refinery products (and natural gasoline) the following 
general facts become apparent. 

1. Amount of reflux has little effect on the degree of fractiona¬ 
tion or purity of i)roducts if normally large reflux ratios (4:1 in 



Percentage Distilled 

Fig. 151. —True boiling-point distillation curvf?8 of gasolines produced in a 
four plate using various quantities of reflux. Note also the curve for infinite 
reflux with infinite plates. {Oil Gas J.) 


topping plants or 8:1 in stabilizers) are employed and if a normal 
number of plates (5 between cuts in topping plants or 20 in 
stabilizers) are used. These amounts of reflux are almost 
eipiivalent in effect to infinite reflux, and hence the composition 
of the overhead product can be computed by the simple relation¬ 
ship shown in Eq. (83\ The meaning of the symbols is given 
on page 493 




\mc-wz 


g + 


U 


or 


2/1 = 


lOOC — wz 


(83) 


KiK, Kn 


KiK 


2 • * 


• Kn 


“ Nelson, W. L., Effect of Reflux on Fractionation, Oil Gas J., Aug. 18, 
1938, p. 58. 

*• Nelson, W. L., Natural Gaso. Stabilizer Fractionation-plant Data, 
Oil Gas Oct. 20, 1938, p, 59. 
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.Vk illustrations, the computed compositions of overhead products 
j>y ]’]q. (83) are compared in the following tabulation with the 
a( rual plant^® product, and Fig, indicates the distillation 

{lu ves of products from a topping plant operating with different 
amounts of reflux. The check on plant opej'ation is not perfect, 



Percentage of components 

Component 

Actual 

Using true 
reflux 

Assuming 

00 reflux 

CH 4 

2.58 

2.56 

2.58 

C 2 H 6 

13.35 

13.34 

13.68 

CaHs 

78.20 

78.46 

79.20 

iC 4 Hio 

5.27 

5.45 

4 40 

C4H10 

0.35 

0.19 

0.14 

iCsHiz 

0.25* 

trace 

[ trace 


* Analysis in error. 


but the relationship is so complicated if infinite reflux is not 
assumed that the method is scarcely practical (page 41)()). 

2. YieMs in topping plants are not affected more than ± 1.5 
per cent, based on feed-stock, by the degree of fractionation that 
is attained, provided usual amounts of reflux and tiumbers of 
plates are employed. This is illustrated by tlie yields of 385 K.l\ 
gasoline shown in the following tabulation:*’*^ 


Effect of Reflux on Gasoline Yield from a 4-plate Tower 


Reflux 

ratio 

99% point 
of product* 

Yields, 

per cent 

Notes 

Gasoline 

1 

Kerosene 

00 

401 

28.7 

21.3 

Infinite reflux 

5.35 

400 

27.9 

22.1 

Usual reflux 

3.21 

400 

27.6 

22.4 

Leaf_t reflux 

1.07 

415 



Insufficient reflux 


* About 15®F. higher than the A.8.T.M. end-point (Fig. 81). 


3. Number of platen has a vital effect on the end-point of the 
product, but at 4 or more plates (topping plant) the difference in 

” Nblsok, VV. L., Effect of Fractionation on Yield, Oil Gas J., Oct. 6, 
1938, p. 56. 
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end-point is only about 10®F. if normal reflux ratios are employed. 
More than 10 plates (topping plants) have little effect on the 
degree of fractionation.Although Fig. 152 indicates that the 
end-point is scarcely different for*2 plates than for 6 plates, it 
should be borne in mind that the high end-point when using 
2 plates cannot be reduced even by using infinite reflux and hence 
the only recourse would be to reduce the yield of gasoline dras¬ 
tically in order to get a lower end-point. 



01 2345678910 

Number of Plates 

Fio. 152.—Relation of iniinber of plates to 99 i>er cent point (top plate at 290®F.). 

{Oil Gas J.) 

In gasoline stabilizers the situation is not clear. Ten plates 
fail to separate propane from the gasoline or recover all iso¬ 
pentane, even at infinite reflux, but the use of more than 40 plates 
does not appear to be justified for any operation. 

4. Plate efficiency appears always to exceed 75 per cent and is 
often close to 100 per cent.-^ It is suggested that an efficiency of 
80 per cent is a reasonably safe design value. 

5. The selection of plate temperatures is the most unsatisfac¬ 
tory part of the design method. Intermediate plate temperatures 
are not of vital significance, but the temperatures at the plates 

Nelson, W. L., Effect of Varying Number of Plates, Oil Gas /., l§ept. 
15, 1938, p. 46. 

*• Nelson, W. L., General Application and Summary, Oil Gas Dec. 15, 
1938, p. 46. 
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at wliich products are withdrawn or feeds are admitted must be 
computed with great care.^-* 

Theory of Fractionation. —The complicated behavior of com¬ 
plex mixtures requires the use of many symbols and several new 
“concepts (see Fig. 153). 

R = mols internal (or hot) reflux at top, based on a heat- 
balance and including no reflux for the plates below the 
first side-draw plate. 

eR = mols actual reflux as a fraction of R^ includes excess 
reflux that flows from the base of the column to other 
plates that lie below the first side-draw plate, 
n = plate number, counting from top. 
a = total number of plates between two products being 
separated. 

jD = mols overhead product. 
h = reflux ratio = eR/D. 

0 = mols overflow liquid or reflux at any point. 

V = mols vapor at any point. 

X = mol percentage of fraction being considered, liquids. 
y = mols percentage of fraction being considered, vapors. 
P = vapor-pressure of fraction. 

TT = total pressure (abs.) of system, same units as P. 

K = y/x = P/ir = equilibrium constant. 
m = molecular weight of fraction. 
nip = molecular weight of overhead or top product. 

mn+i = molecular weight of bottom product (n + 1 plate) of 
tower section studied. 
d = densit}^ of fraction. 
dp = density of overhead product. 

c?n+i = density of (n + 1) material. 

2 /i = mol percentage of fraction in overhead product. 

Fi = liquid-volume-percentage of fraction in overhead 
product. 

t/„+i = mol percentage of fraction in bottom product of tower 
section studied. 

l^n+i = liquid-volume-percentage of fraction in bottom product 
of tower section studied. 

V == a constant by which the ratio of mol percentages is 

multiplied to convert the ratio to a basis of liquid- 
volume-percentage. 
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J — Vfln^idp. 

C = liquid-volume-percentage of fraction in feed-stock. 
g = percentage of top product based on feed-stock. 
h = percentage of bottom product based on feed-stock. 
wz ^ product of percentage and composition of fractions 
that leave a multiproduct tower system in other 
products than the two that are being studied. 

Each pair of two products w'ith the plates between them is con¬ 
sidered as a separate fractionating tower or section and will b(‘ 
so handled throughout this entire discussion. Reflux in a 



-/s/ s/c/e 
product 



X) plus 
external reflux 


■External 

reflux 


(e-l)R 


1st side 
product- 


Reflux for 
lower column 

Fta. 153.— Reflux coiulitions in the top seetion of a multiple-product fractionat¬ 
ing tower. 


complex-mixture column decreases from plate to plate by 
an amount equal to li divided by a, as indicated in Fig. 153. 
Thus, the reflux consists of two parts; a quantity 7?, w^hich 
disappears entirely in the column, and an excess reflux related 
to c, which flows through the column in undiminished amount, 
and may be considered as reflux for the sections or fractionating 
columns that are below^ the one being studied. The reflux at 
any or the nth plate is 



Other relationships and a derivation of the final equations that 
will be presented later maybe found in original references,®®’®'^’^^"*^ 
but they are too long to be presented here. 

Nelson, W. L., CHI Gas 7., July 21, 1938, p. 41; Aug. 4, 1938, p. 44; 
Oct. 27, 1938, p. 178; and Nov. 10, 1938, p. 44. 

** Nelson, L., Intermediate Towers, Oil Gas /., Dec. 1, 1938, p. 40. 
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If the tower products are liquids, mol percentage is converted 
to a liquid percentage basis by means of the constant J and 
(‘qtiilibrium constants. Thus, for relating vapor concentrations 
^ at the top and bottom of a tower section, the relation is 


/ T\ T^n-f 1 

“Fr 


(85) 


\\ hereas for relating a vapor at the top to the liquid flowing from 
the base of the tower section 



^ Or for an intermediate tower section in which both the top aiul 
l)ottom products are withdrawn as liquids (as in separating 
kta’osene from gas oil in a topping tower), the relation is 



The composition of the feed is related to the composition of 
0 the products by a material balance. For a tower section 
producing a vapor product at the top and a licpiid i)roduct at the 
l)ottom: 

lOOC = g\\ + /lAVi + + • • • (88) 

The sum of the WiZi^ W 2 ^ 2 y etc., terms are all combined in Eq. (89) 
as wz. 
or 



The mol percentage ratio (yn+i/vi) shown below the line is 
related to reflux, number of plates, temperature, and pressure 
(equilibrium constants) as indicated in Eqs. (90), (91), (92), (93), 
and (94) (page 496), which could have been written as a general but 
very complicated form. Rather than confuse the presentation, 
it appeared best to let the reader devise additional equations by 
inspection of those given and not present a confusing general 
equation. 



Two-plate tower: 
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Intermediate towers, which are defined as those 
from which both bottom and top products are with¬ 
drawn as liquids, are indicated in Fig. 154. The 
study of such towers is complicated by the fact that 
the reflux (Xr) does not have the same composition 
as the overhead (liquid) product and in fact is inter¬ 
mediate in composition between Y i and Xi. Perhaps 


OVERHEAD PRODUOT 

r-- 

I 


1 1 

1 - 
r- 

D 


^ REFLUX 

Xr* sc tween x,i Y, 

X| 


TOP PRODUCT 
(kcroscnc) 

X4 ^ 






BOTTOfJ PRODUCT 

(GAS Oil.} 

1 



I 


I 


+ 


|QI« 
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+ 


I 
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+ 
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I-1 


i 
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Fio. 164.—Diagram of intermediate tower system of four plates. 


(OU Gas J.) 


I 


+ 
Q \(K 

Ik 


I 


the best approach is to use the equations that have 
already been given and that assume that Xr = Yi, 
because these equations are more simple than others; 
but as an illustration of the relationship if Xr is 
assumed to be equal to Xi, Eq. (95) for a three-plate 
tower is presented. Note that Eq. (91) is far more 
complicated than Eq. (95), which is also for a three- 
plate tower. Additional relations for two- and four- 
plate towers are given in the original references.®^ 


Q> 


o 
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Si 

H 
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All the preceding equations are very complicated, and hence 
in many instances the use of Eq. (83) for infinite reflux may be 
justified 


Fi 


lOOC “ wz 


g + 


hj 




• Kn 


(83) 1 


The use of this equation gives nearly the same results as the more 
complicated equations if the reflux quantity is as large as that 
normally used commercially and if a normal number of trays is 
employed. Another powerful reason for using Eq. (83) is the 
fact that equilil)rium constants (K's) are not dependable when 
applied to complex mixtures and hence great expenditure of 
energy in using the more rigorous equations may not be justified. 
The infinite reflux equation [Eq. (83)] should not be used for 
those intermediate towers which lie just above the feed plate, 
because such towers operate with very little reflux. 

In two-component fractionation studies (pages 264-270) the 
term minimum reflux is employed as the amount of reflux below 
which no increase in the number of plates (even to infinity) will 
cause the separation of the desired product. Although such a 
situation also exists for complex mixtures, in that a particular 
boiling-range of product c,annot be produced unless a certain 
amount of reflux is employed, the situation of minimum reflux is 
not clear for pra(*tical purposes because the composition of the 
overhead product cannot be easily defined. Thus, if the spread 
in temperature between the 90 and 99 per cent point is fixed, a 
certain minimum reflux is necessary; whereas if another difference 
in temperature between the 90 and 99 per cent points is permitted, 
another minimum reflux will be required. One situation, 
however, is completely clear; i.c., the least reflux that can be 
emplo 3 ’^ed must always be more than for a value of e == 1. This 
means that in all situations the actual reflux eR must be greater 
than the reflux R that is demanded b^^ a heat balance. At lower 
quantities of reflux, no liquid would overflow from the base of 
the column into lower intermediate columns, and hence any 
material that once found its way into the column as a vapor 
would of necessit}'^ be found in the two products from the column 
because no other outlet exists. In many instances the inter¬ 
mediate section of column situated just above the feed plate of 
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a multiple-draw column operates with just slightly more reflux 
t luin that required by least reflux. 

Application of Fractionation Equations. —In applying the 
fractionation equations a number of factors prove to be con¬ 
fusing. Fractionation computations are based primarily on the 
rnols of the various products undergoing separation and their 
\ apor-pressures, and hence a true-boiling-point distillation 
curve of the feed must be available. The distillation curves 
obtained by the computation are also true-boiling-point curves. 
Exact correlations of true-boiling-point versus A.S.T.M. cuives 
are not available, particularly for the low-boiling end of the 
distillations, but a correlation dependable as far as it goes is 
^ given in Fig. 81. This figure may be used to estimate the 
A.S.T.M. curves of the products. 

Yields must be estimated as a preliminary step in the computa¬ 
tions. These can be determined by the general methods outlined 
in Chap. VII, but it should be recalled that maximum yields 
cannot be obtained (perfect fractionation) unless an infinite 
number of trays and infinite reflux are employed. Thus, the 
plant yields will be slightly different from those determined in 
Chap. VII—a lower yield of top product and different yields of 
intermediate products l)ecause of the overlap of the products. 
The accuracy of the estimated yields will be checked and cor¬ 
rected by trial-and-error methods during the fractionation 
computations. 

After the yields are determined, the temperatures in the tower 
must be computed or estimated by the methods outlined in the 
early parts of this chapter and the general theory outlined in 
Chap. XIV. In heavy-oil towers the temperatures on the plates 
that lie between the plates from which products are withdrawn 
can be estimated with relative ease and accuracy, but in gasoline 
stabilizers and other operations requiring a large number of 
plates the estimation of accurate plate temperatures is difficult. 
In general, the plate temperature changes most rapidly at or 
near the plates from which products are being withdrawn. The 
feed plate does not molest the temperature gradient greatly 
unless the feed is introduced at the wrong point in the column— 
and this situation is almost unavoidable in most multiple-draw 
columns. In general, the smaller the amount of reflux the greater 
the change in temperature at or near the withdrawal plates. 
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Some plant data on the temperature gradients in gasoline 
stabilizers are available.^® 

In most instances it is necessary to assume that vapor-pressure 
is a suitable measure of equilibrium relations, since experimental 
equilibrium constants are not available for the heavy hydrocar¬ 
bons or complex mixtures. More is known of the equilibrium 
constants of the low-boiling hydrocarbons but not so much as 
would be useful. The vapor-pressures given in Fig. 52 and the 
constants in Figs. 70-74 and Tables 33 and 34 may be used. 
These data were used in checking several plant operations'^*29 
and were found to give accurate results for a plate efficiency of 
80 to 100 per cent. The questionable accuracy of the equilibrium 
constants that are available makes it necessary to look upon the 
fractionation equations as a method of studying the relation of 
variables such as amount of reflux and number of plates rather 
than as a means of designing specific fractionation systems. 
This means that for most purposes the somewhat simple equation 
for infinite reflux [Eq. (83)] may be used rather than the more 
complicated equations. 

Example 74. Fractionation of Gasoline and Kerosene. —The crude oil 
shown in Fig. 103 is to be fractionated into gasoline, kerosene, and other 
products. The top five plates of the tower, which separate gasoline from 
kerosene, operate at an equivalent pressure of 1,000 mm. including the 
partial-pressure reduction of steam. The gasoline is to have an end-point 
of about 380°F., and the kerosene is to have a gravity of 46 A.P.I. 

By perfect fractionation the yield of gasoline would be about 30.5 per 
cent and the yield of kerosene about 20 per cent. However^ as a result of 
losses and the overlap by imperfect fractionation, the true yields will be 
assumed to be as follows: 


Gasoline. 26.0 per cent 62 A.P.I. 

Kerosene. 23.5 per cent 46 A.P.I. 

Total. 49.5 per cent 


These assumed yields will be checked in the computations that follow; and 
should they be found to be incorrect, it will be necessary to make new 
assumptions and repeat all of the computations. 

The five actual plates will behave as about four theoretically perfect 
plates if the plate efficiency is assumed to be 80 per cent. In order to 

Burdick, Oil Gas J., Apr. 9, 1931, p. 26; Brown, Souders, Nyland, 
and Hssler, Ref. Nat. Gaso. Mfr.y May, 1935, p. 227; Lewis and Smoley, 
Studies in Distillation, Proc. A.P.I., Div. Refining^ 1929; R.vgatz and 
McFadden, on Gas May 13, 1937, p. 68; and Wells, Oil Gas /., June 11, 
1931, p. 22. 
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facilitate the computations, the infinite reflux equation [Eq. (83)] will be 
employed, but at the end of the example, the manner of using Eq. (92), 
which applies to any amount of reflux, will be indicated. 


lOOC — wz 
, U 


(83) 


The yield of gasoline is flf, or 26, and of kerosene is h, or 23.5. 
r!iust be computed by recourse to Fig. 35 and densities 


, _ nipdi _ 115 X 0.797 
rriidp 193 X 0.731 


0.648 


The value of J 


If we are interested only in getting the composition of the gasoline and of the 
front end of the kerosene, the wz term (or terms) can be neglected because 
essentially none of the hydrocarbons in the gasoline and low kerosene will 
be lost into heavier products such as gas oil. By inserting known values, 
the equation simplifies to 


Ki = 


lOOC - 0 


lOOC 


26 + 


23.5 X 0.648 

KiK^KzKi 


26 + 


15.2 


KiKzKzKi 


The remaining variables, i.e.^ the equilibrium constants (liT’s) and C, 
are dependent upon the composition of the feed and the plate temperatures. 
Values of C are determined by reading from Fig. 103 (p. 358) and are 
smoothed by inspection as shown in column (3) of Table 75. The values of 
A', as shown in columns (5), (6), (7), and (8) of Table 75, can be read from 
Figs. 5 l or 52, but it is first necessary to estimate the plate temperatures. 
B}’’ means of the approximate boiling-ranges of the products taken from 
Fig. 103 and the methods outlined on pages 467-473 of this chapter, the 
plate temperatures are found to be about as follows: 



Plate No. 

Deg. F. 


(Top plate 

310 

Gasoline. 

1 2 

360 


/ 3 

400 

Kerosene. 

4 

425 

1 _ 


In Table 75, column (12) should total to 100 per cent if the assumed 
yields of gasoline and kerosene designated as g and A, respectively, are 
correct. The total of column (12) was 100.52; and had new values of 
g *= 26.2 and h = 23.3 been used, the total w'ould have been almost exactly 
100. The error so introduced occurs primarily in the first two fractions, 
and hence the error of 0.52 per cent was corrected in column (13) in the 
first two num\)er8, i.e., 27.3 and 35.3. 

One other check on the accuracy must be made before the computations 
can be dismissed as correct. This check consists in determining the tower 
temperatures from the computed distillation curves showm in columns (13) 







Table 75. —T.vbtjlated Computations fob Example 74 
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Aiul (17) of Table 76 and on Fig. 155. Th% checks on the assumption of 
310 and 425®F. were found to be satisfactory. A.S.T.M. curves estimated 
hv means of Fig. 81 are also shown in Fig. 155. 

Equation for Actual Reflux .—Had Eq. (92) been used, it would have been 
fi<>( essary to make a heat-balance such as that illustrated in Example 33 
i{)aj?e 198). According to such a heat balance (using 100 gal. as a basis), 
the actual hot reflux or eR =« 6.6 mols. 



0 10 20 30 40 50 60 70 80 90 100 

Percentage Distilled 

Fig. 156. —Composition of products determined in Example 74. 


The heat-balance reflux R for the top five plates is (191 lb. of gasoline) 



2.03 
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By inserting these values in*Eq. (92) the following simplified equation 
results: 

lOOC 

,1. ^0.1365 0.098 , 0.0701 , 0.241 \ 

K 4 ‘^K3K4^K2KJC4‘^KiK2KsKJ 

The computations are conducted in the same manner as for infinite 
reflux. Note, however, that the top temperature will be slightly lower and 
that the yields will be slightly different. 

Plant Practice. —Although design computations such as those 
described on previous pages are useful for outlining fractionation 
theory, the design of fractionating columns is usually conducted 
by rule-of-thumb methods. The separation of most refinery 
products is such an easy separation that four or five equilibrium 
contacts are usually sufficient. As an approximation, the 
number of trays (at 22-in. spacing) that are now being used 
between fractions is indicated in Table 76. 


Table 76.— Number of Trays Used in Commercial Equipment 


Opt'.ration 


Steam, atmospheric 


Cracking 


Brightstock solution 


Lubricating oil 


Materials 

Plates 

between 

fractions 

Gasoline and kerosene 

5- 6 

Gasoline and naphtha 

4- 5 

Naphtha and kerosene 

4- 5 

Kerosene and gas oil 

4r- 5 

Gas oil and wax distillate 

3- 5 

Stripping plates 

4- 5 

Gas oil and vaporizer 

2- 3 

Pressure distillate and recycle 

7- 9 

^Naphtha and gas oil 

4r- 6 

1 Gas oil and neutral 

5- 6 

1 Neutral and feed plate 

3- 5 

VStripping plates 

4- 5 

Gas oil and wax distillate, * vacuum 
Wax distillate and overhead 

2- 3t 

j cylinder stock, atmospheric 

Wax distillate and overhead 

7-10 

1 cylinder stock, vacuum 

3- 4t 


* Often separated by partial oondenaation. 
t At wide tray spacing (30 in.). 


Fractionation is more effective at low pressures than at high 
pressures because of the larger difference in the vapor-pressures of 
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the components at a low pressure. This probably accounts for 
the relatively few plates that are used in many vacuum plants, 
although the wide tray spacing that is normally used accounts in 
]>art for the lesser number of trays. 

As indicated earlier in the chapter, fractionation is disturbed in 
tlie multiple-draw column because the lower boiling products pass 



Flo. 166.—Erecting a bubble-tower. {A. J. Smiih Engineering Company.) 

the plates in the column from which the liigh-})oiling products are 
withdrawn. Thus side-draw products are l)ouiid to contain low- 
boiling materials, and no amount of fractionation can completely 
eliminate this difficulty. These light components are customarily 
removed from the side-draw products by the use of auxiliary 
steam stripping columns. Each of the side-draw products is 
allowed to flow through about four bubble plates in the steam 
stripping column. Although the stripping column usually 
appears to be about a« tall as the main fractionating column, in 
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reality it consists of separate distinct columns, one above anothrr, 
and a separate stripper is used for each side-draw product. 
Steam is admitted to each stripping column, and the vapo: 
(steam and a small amount of light material) from each stripper 
is allowed to pass back into the main column at the tray above 
the side-draw plate. Thus the steam stripper governs the initial 
boiling-point or flash-point of the product, but the degree of 
fractionation obtained in the main column governs the end-point. 

The use of internal stripping sections is becoming more and 
more common. The stripping tower is smaller than the main 
tower, and hence it can be built within the main tower. 

Steam strippers are designed in the same manner as fractionat¬ 
ing columns. In determining the diameter, the volume of the 
steam is all that is usually considered. 

References 
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CHAPTER XXIV 

CRACKING AND OTHER CHEMICAL PROCESSES 

Although the commercial practice of cracking functions by the 
principles outlined in Chap. XVII, it has not been guided to a 
large extent by these principles. As is so often the case in indus¬ 
trial development, comndercial improvements have preceded the 
development of engineering theory. Perhaps the greatest 
hindrance to rapid commercial development has been difficulties 
in the fabrication of materials that could withstand the high 
temperatures and pressures necessary in most cracking processes. 
Even today several processes await commercial development 
because they require cheap and dependable materials for working 
at 1000 to 1200®F. or pressures of 3,000 to 10,000 lb. per square 
inch. 

Although a large number of commercial processes, such as the 
Burton, Fleming, Jenkins, Cross, Dubbs, and Holmes Manley, 
have been used during 1910-1940, the patents covering these 
processes have been consolidated to a large extent, with the 
result that the general processing scheme outlined in this chapter 
has been adopted by most refiners. The yields are nearly the 
same from all types of plants; the products have much the same 
properties; and the operating efficiency is nearly uniform. For 
a detailed discussion of early cracking processes and patents, 
refer to “Motor Fuels” by E. H. Leslie,^ “American Petroleum 
Refining” by Bell,^ and the first edition (1936) of this book. 

The commercial development of catalytic cracking processes 
and other chemical processes has taken place even more recently. 
By these means, the raw oil stocks may be converted into types 
of hydrocarbons that are not present in the original charge- 
stocks. Among the processes are the Houdry catalytic process, 
several catalytic and thermal polymerization processes, and 

^Leslie, E. H., ‘‘Motor Fuels,” Chemical Catalog Company, Inc., New 
York, 1923. 

* Bell, H. S., “American Petroleum Refining,” 2d ed., D. Van Nostrand 
Company, Inc., New York, 1930. 
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thermal and catalytic alkylation processes. These will be 
discussed in later parts of this chapter. They open the door 
what may be called a petroleum chemical industry (see Cha 
XVIII). 

Most of the new processes are now being employed for the 
manufacture of gasoline, but to an increasing extent the raw 
stocks produced from these processes will be utilized for the 
manufacture of chemical materials rather than gasoline. The 
gasoline produced by these processes is universally high in octane 
number, and as blending-stock it behaves as if it had even higher 
octane numbers. The new processes will not completely displace 
the older ones of gasoline manufacture, crude oil topping and 
cracking. Rather they are being used as auxiliaries to our 
regular processes. E\ddence of this development is clear in 
such arrangements as combination cracking plants (Fig. 162) 
and in such combination processes as cracking (or reforming) 
and catalytic polymerization; cracking and Houdry catalytic 
cracking; and natural-gasoline stabilization and polymerization. 
More and more the several new processes are being used as 
chains of processing operations for the manufacture of specific 
hydrocarbons. An example is the so-called isooctane processes, 
which involve the following general steps: 

1. Dehydrogenation to produce olefin hydrocarbons. 

2. Catalytic polymerization. 

3. Complete sulfur removal. 

4. Hydrogenation to produce a saturated product. 

6. Parts 2, 3 and 4 replaced by catalytic alkylation of olefins and isoparaffins. 

THERMAL CRACKING 

Modem cracking processes are expected to produce a large 
yield of gasoline, produce little coke, and be able to operate for a 
long period of time before cleaning is necessary. The formation 
of coke is necessarily related to the length of operation, because 
the unit must be shut down to remove the coke. The percentage 
of time that the unit is in active operation is referred to as the 
cycle-time-efficiency. For example, if the unit can operate for 
45 days and then requires 5 days for shut-down, cleaning, repair, 
and time to get onstream, the cycle efficiency is 90 per cent. The 
expense of shut-down time is so great that it is usually more 
ecpiiomical to sacrifice some yield than to have a poor cycle 
efficiency. This accounts, in part, for the relatively small 
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amount of coking that is practiced. The yield b,Y cracking is 
much greater if coke, rather than fuel oil, is produced, but the 
cost of operating a coking plant is great. 

Cracking processes may be generally classified as follows: 

1. Viscosity Breaking. —A short-time decomposition, usually conducted at 
low cracking temperatures (830 to STC^F.), for the purpose of reducing 
the viscosity or pour-point of a heavy straight-run fuel oil. 

2. Mixed-phase Cracking. —Most of the widcily known processes are classed 
as mixed-phase processes. The name liquid-phase, whic'h is often used, is 
a misnomer, because in most processes some vapor generation occurs. 
The purpose is the production of antiknock gasoline and a greater total 
yield of gasoline from crude oil. 

3. Reforming. —A cracking process that utilizes a straight-run gasoline nr 
naphtha as a charging-stock. The cracked distillate has a much higher 
octane number than the charging-stock. The feasibility of the proi t‘^s 
depends upon the market demand for high-o(rtane fuel. A high temper¬ 
ature must be employed. 

4. Selective Cracking. —A process in which the charge-stock is separated into 
several parts, each part being cracked separately under the most favorable 
conditions for that part. Thus, the plant might utilize four cracking 
coils: one for viscosity breaking, another for reforming, and two other 
coils to handle light and heavy charge-stocks. 

5. Combination Cracking. —A process involving the four processes enumer¬ 
ated above and one that in the extreme might also involve topping of 
crude oil, gas recovery, and even coking. 

6. Vapor-phase Cracking. —These processes are usually more expensive than 
the liquid-phase processes, but the gasoline is highly antiknock and can 
be sold at a premium as a Vjlending stock. 

7. Coking. —The operation of coking involves nothing more than a cracking 
process in which the time of cracking is so long that coke is produced 
as the bottoms product. Special means of collecting and removing the 
coke must be provided. 

Cracking Plant Design. —The major difference between liquid- 
or mixed-phase and vapor-phase cracking is the pressure that is 
used. In the liquid-phase and mixed-phase procasses, the pres¬ 
sure is usually held above 350 lb. per square inch. This pressure 
is above the critical pressure of most hydrocarbons that are 
found in cracking-stocks (and products), and hence a very dense 
phase, whether it be liquid or a mixture of liquid and vapor, is 
produced. The density of the vapor, if any is formed, is high, 
and hence little or no stratification of the mixture occurs at the 
velocities that are maintained in the crackingntubes of the pipe- 
still, A lower pressure may result in a separation of liquid and 
vapor, and the liquid that adheres to the walls may be decom- 
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posed into coke. There are other differences between liquid- anci 
vapor-phase processes such as the type of stocks that may h. 
cracked and the temperature-pressure-relation. The liquid- and 
mixed-phase operations are characterized by the use of a 
relatively low temperature and high pressure, whereas the 
vapor-phase operations are characterized by a relativel}^ high 
temperature and a low pressure. 

In vapor-phase processes, the pressure is normally less than 
100 lb. per square inch (often 35 lb.) and a pure vapor-phase is 
produced. The time in the cracking-tubes is short because of the 
great volume of material, and hence the temperature must be 
higher than for liquid- or mixed-phase operation. The impor¬ 
tance of a homogeneous phase must again be stressed. If any 
liquid particles are present in the vapor, they will be thrown to 
the tube walls and cause the formation of coke. 

The time of cracking in modern processes ranges from about 
1 sec. for some vapor-phase processes to about 200 sec. for liquid- 
phase processes. Such short times as these must be carefully 
controlled, and hence most modern processes are arranged so that 
the hot cracked material can be suddenly cooled by means of the 
charge-stock or fuel oil from the process. This operation is 
referred to as quenching. 

Another factor that is vital in the operation of many cracking 
systems is the production and cracking of only clean distilled 
stocks. If a residual product is to be cracked, the gas oil that it 
contains is distilled from it in a topping operation; this topping 
may be conducted in the cracking plant itself, or the system may 
be arranged so that only straight-run tar is cracked. The cycle 
efficiency is usually much higher if only distilled stocks are 
cracked. Unless a cracking-pipestill is carefully designed, coke 
will be deposited in the tubes and will cause a shut-down after 
about a week if a residual stock is passed through the tubes. 
Even coking processes depend upon a clean stock for heating 
the coke chamber (Fig. 161). 

Although the cracking of a distilled stock is advantageous 
from the standpoint of the cycle-time-efficiency, the yield of 
pressure distillate is usually slightly smaller than when a residiuil 
or black stock is cracked. If a distilled stock is produced from a 
black charging-stock, a part of the charging-stock is not thor¬ 
oughly cracked, and therefore the yield is smaller. Likewise, the 
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tar that is produced by cracking only the distilled part of a black 
charging-stock tends to have a high viscosity, and the yield of 
distillate must be less in order to produce a tar of suitable vis¬ 
cosity. If the difficulties of heating and cracking a black stock in 
the cracking-tubes can be solved, the cracking of the entire black 
stock in the tubes is advantageous. The Dubbs process was 
one of the first processes that was able to avoid serious coking 
of the tubes when cracking a black stock. 

If a black stock is cracked in the tubes, it is always advan¬ 
tageous to separate the cracked tar produced in the cracking 
reaction and allow none of it to enter the cracking-tubes during 
recycling. 

The conversion-per-pass used in cracking plants and related 
decomposition processes is a function of tjie material being 
cracked and the cracking temperature. The higher the tempera¬ 
ture the lower the allowable conversion-per-pass, and the lower 
boiling the stock the greater the allowable conversion-per-pass. 
Furthermore, the highc^r the carbon content of the stock (tars 
or recycle stocks) the lower the allowable conversion-per-pass. 
Thus, in commercial units, the following conversions^ are used: 

Per Cent 

Viscosity breaking. 3-10 (usually once through) 

Light virgin and refractory stocks. . . 14-30 fhigh values for once through) 
Heavy virgin and refractory stocks. . 10-18 (recycling) 

The use of a quench-stock, the production of a homogeneous 
phase, the use of recycling, and the cracking of stocks that contain 
no cracked tar are details that are not easily recognized in flow 
diagrams of processes, but close inspection reveals that almost 
all successful processes utilize these principles. 

The velocity (hot) of the oil-vapor mixture in the cracking- 
tubes must exceed about 15 ft. per second, or coke will be 
deposited. Most processes maintain a velocity of 20 to 40 ft. 
per second (hot). Higher velocities would be advantageous 
except that the pressure-drop becomes prohibitive. Thus if a 
pressure of 450 lb. is to be held at the outlet of the still, the charg¬ 
ing pressure, at a velocity of 40 ft. per second, will be about 850 lb. 
per square inch. As coking takes place, the charge-pressure 
rises to over 1,000 lb. per square inch. The rate of heat absorp- 

*Smolby, Mekler, and Schuttb, Combination Selective CJracking, 
Ref. Nat. Oaso. Mfr., June, 1937, p. 288. 
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tion in the pipestill usually ranges from 10,000 to 14,000 B.t.u 
per square foot of projected area (3200 to 4500 B.t.u. per squai ‘ 
foot outside-diameter surface). These low rates can be produceu 
in the radiant section by using a large amount of radiant surface, 
by using flue-gas recirculation, or by using large amounts of 
excess air. Part of the convection section may be used for the 
cracking zone, but the exact location in the convection section 
cannot be easily determined. Some engineers believe that crack¬ 
ing must take place at a constant or slightly rising temperature, 
or coke will be deposited. 

Selective Cracking. —In Chap. XVII it was indicated that each 
stock has particular characteristics that govern the best condi¬ 
tions of temperature, pressure, etc., for cracking the stock. 
Advantage of this fact is utilized in selective combination crack¬ 
ing units in which the refractory stocks are cracked for a long 
period of time or at a higher temperature and the less stable 
stocks are cracked at lower temperatures. Thus, for a four-coil 
(or heater) unit operating on Mid-Continent stocks, temper¬ 
atures and pressures® are about as follows: 



1 Temperature, 
deg. F. 

Outlet pressure, 
lb. per sq. in. 

Viscosity breaking heater. 

870- 890 

230-250 

Heavy oil heater.. 

920- 960 

300-500 

Light oil heater. 

950- 990 

500-700 

Reforming heater (once through). 

975-1000 

650-800 


Larger yields are obtained in this manner, and for very large 
plants the use of selective cracking is always justified. In 
smaller plants the erection of several pipestills is costly, or the 
operation of several coils in one furnace is difficult, and hence 
the position of selective cracking is not clear. Separate evapora¬ 
tors may be used for each stock, but common practice is to use a 
single evaporator into which all stocks are led. 

In wide-boiling-range stocks the refractory low-boiling parts 
are insufficiently cracked at low temperatures, wdth the result 
that they accumulate in the recycle stock—or at high tem¬ 
peratures the high-boiling parts are cracked so violently that 
coke formation takes place. 
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Technical details of design computations and theoretical 
aspects were discussed more fully in Chap. XVII entitled Thermal 
Decomposition. 

Volume of Stock at Decomposition-temperature. —The com¬ 
putation of volumes at extreme temperatures and pressures is 
always troublesome and at the best can only be looked upon as 
an estimate. An illustration of such computations is given on 
page 323, Example 59. The theory underljdng the phase rela¬ 
tionships of complex mixtures is discussed on page 247, Chap. 
XIV. The extremely high density of the vapors that are present 
under high pressures should not be overlooked. In no sense are 
these vapors comparable to what we normally conceive to be 
gases. 

Fundamentals of Processing. —There is a striking similarity 
between all of the widely used modern cracking processes. 
Many processes crack only a clean distilled stock, and the hot 
stock from the pipestill tubes is quickly cooled by a quench- 
stock. Other processes have reaction chambers or soaking 
drums by which the capacity and yield are increased, but drums 
and chambers are not necessary unless coke is to be produced. 
The arrangement of the equipment, i.e.y stills, towers, evapora¬ 
tors, etc., is different for the several processes, but the funda¬ 
mentals of the processing are much the same in all of them. 

Following the establishment or discovery of these funda¬ 
mentals, the development of modern cracking processes may be 
directly traced to the development of suitable construction 
materials. Lyman C. Huff^ says. 

Among these are large forged-steel and electric-welded vessels, such 
as reaction*chambers and dephlegmators, heavy seamless-steel tubing in 
iron-pipe sizes, alloy steel tubing, welded pipe joints, metal-to-metal 
liigh-pressure flange joints, alloy-steel studs and bolts, alloy-steel forg¬ 
ings and castings, high-temperature and high-pressure cast and forged- 
steel valves and fittings, high-temperature and high-pressure pumps 
(handling oil up to 800°F. and 1,500 lb. pressure), fans for circulating 
flue gases at high temperatures (1100 to 1200°F.), high-temperature 
insulating materials and many others. 

Of almost equal importance Avas the formulation of the theories 
of heating and the application of these theories in the plant, so 
that mild absorption rates could be maintained in the pipestill. 

* Oil Gas J., Oct. 9, 1930, p. 138. 
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Obviously, the modern cracking processes could not have be( a 
developed without developing the pipestill. 

Only four general types of cracking equipment will be di 
cussed. These will be the so-called tubestill process which will 
be utilized in illustrating the fundamentals of plant operation, 
the Gyro vapor-phase process for illustrating cracking in the 
vapor-phase, coking processes for illustrating the handling of 
solid deposits, and a combination process for illustrating the 
practice of crude oil topping, viscosity breaking, reforming, and 
other related processes at the same time and in one plant. 

Tubestill Processes. —Nearly all processes, particularly the 
Donnelly, the Winkler-Koch, and the Dubbs, discovered at 
much the same time the possibilities of conducting cracking in 
the tubes of a pipestill, and hence the general process so evolved 
is referred to as the tubestill process. Practically all of the 
cracking takes place within the furnace tubes so that no reaction 
chambers are required. The success of the process is largely due 
to the production of a clean cracking-stock which can be cracked 
with the production of little or no coke. A small amount of 
decomposition also takes place in the evaporator (Fig. 157) or 
flash drum, but this decomposition is not important, except as it 
aids in reducing the viscosity of the pressure-still tar and in 
producing additional clean recycle stock. The vapor heat 
exchangers shown in Fig. 157 are a soun^e of difficulty, and the 
use of an additional pipestill heater is a better arrangement. 

In order to crack the oil in the short length of time during which 
it passes through the tubes, a high temperature is necessary. 
The pipestill outlet temperature is about 890 to 940®F. depending 
on the stock, and the time for cracking is only 2 or 3^ min. At 
these rapid rates of cracking it is necessary to lower the tem¬ 
perature quickly. This is accomplished at the point marked 
‘‘quench’' in Fig. 157 by mixing the charging-stock with the 
cracked material from the pressure-still. Mixing in this manner 
is a perfect means of heat-exchange, and hence the maximum 
amount of heat contained in the pressure-still product is recovered 
and utilized in vaporizing the charging-stock. 

Continuous operation for periods of 3 months is common, 
although the operation is occasionally terminated by the forma¬ 
tion of coke within the tubes. In maintaining long cycles of 
oj>eration, the condition of the charge to the furnace is of prime 
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importance. If this stock contains any tar by imperfect separa¬ 
tion in the fractionating tower, coking proceeds immediately, 
and after 6 hr. of operation on a dirty charge-stock the tubes will 
often be badly coked and the operation must be halted. A low 
conversion-per-pass is necessary in avoiding coke formation. A 
conversion of 15 to 18 per cent is adequate for clean distilled 
stocks, but only 11 to 14 per cent can be used with clean but 
undistilled (black) stocks. Thus, if reduced crude oil is charged 
to the cracking furnace, a larger recycle ratio must be used. 



Fia. 157.—Simplified flow diagram of the tubestill craekirig process. 

Although many of these plants operate on a gas oil charging- 
stock, it is becoming more and more common to charge a reduced 
crude stock as shown in Fig^ 157. Thus the topping of gas oil 
from reduced crude oil is accomplished within the cracking plant 
itself, but only the gas oil is exposed to cracking conditions. The 
viscosity of the tar, when charging gas oil, is relatively low, but it 
may be too high for market specifications if reduced crude oil is 
the charging-stock. This difficulty may be remedied by lowering 
the evaporator temperature and producing less gasoline. A 
vaporizer temperature higher than 820®F. will usually cause the 
deposition of coke in the evaporator. 

The cracking-tubes may be in the convection or radiant section, 
but in either case the rate of heat input should be kept below 
about 13,000 B.t.u. per square foot of projected area per hour. 
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Furthermore, the hot velocity should be maintained at 20 ft. j i 
second or higher. An outlet pressure of 400 to 700 lb. 
square inch is maintained at the outlet of the pipestill. Lowt • 
pressures result in the formation of coke; and though we know 
little of the phase condition at such temperatures and pressures, 
it is conceded that a large generation of vapor takes place even 
at a pressure of 700 lb. per square inch. A pressure-drop of 
300 to 800 lb. per square inch occurs through the pressure-still, 
so that inlet pressures of 700 to 1,200 lb. per square inch are 



Fio. 168.—Installing a Wilson Snyder twin-simplex compound pump for high 
temperatures and pressures. {A. /. Smith Engineering Company,) 


common. Twin-simplex, compound steam cylinder pumps or 
crank-and-fl>’wheel steam-engine pumps are commonly used 
(Fig. 158). Multistage centrifugal pumps are being used more 
and more widely (Fig. 159). 

This process has been used for vapor-phase cracking without 
changing the fundamentals of the process. However, the out¬ 
let temperature is much higher (1050 to 1100®), and the outlet 
pressure must be reduced to 30 to 50 lb. per square inch so that 
substantially a pure vapor-phase exis’ts in the cracking-tubes. 
Milder rates of heating and higher recycle ratios must be used. 
Difficulty arises because cracking starts to occur before vaporiza¬ 
tion is complete and coke is deposited in some section of the still. 
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The best known continuous coking processes are like this 
process except that coke drums are substituted for the evaporator 
vessel of the tubestill process (Fig. 161). 

In processing topped or reduced crude oil, the maximum yield 
of gasoline is largely dependent upon the properties of the pres¬ 
sure-still tar. If too high an evaporator or vaporizer temperature 
is used or if the time in the evaporator is too short, the tar may 
be a solid asphaltic material, which is awkward to handle and 
cannot be marketed. In processing gas oil, this difficulty seldom 
arises because the tar consists almost entirely of cracked tar 
which has a lower viscosity. How^ever, an evaporator tempera¬ 
ture of about 820°F. cannot be exceeded because coke will be 
deposited in the evaporator. The large yield of 56.5 per cent 
of end-point gasoline shown in the third operation of Table 77 
indicates the increased yields that are possible with a high 
evaporator temperature. In this operation, approximately 80 
per cent of the topped crude oil was vaporized. However, this 

Table 77.—Yields and Operating Conditions for Simple Cracking 

Units 


cent cent tar -, , ^ Pres- Cycle 

* T»t j Lb. coke orator . „ . 

A.P.I. 437 and ^ surest cffiei- 

E.P. P.D. ‘■'"‘‘i,' outlot cnejr* 

gasoline butts 


1. M.C. topped crude. 23.9 49.5 47.J 


2. M.O. topped crude.. 


I 23.9 38 0 80.8 


3. M.C. topped crude. 23.9 56.5 41.7 . 

4. Calif, gas oU. 18.5 51.0 42.0 

^ 88% M.C. topped crude... 20.2 _ 

162% M.C. gas oU. 28.3 ® . 

6. West Tex. fuel oil. 21.8 60.55 12.6 56 

7. Pk. gas oil. 37.8 72.8t 9.2 29.7 


. Cracking 

temp.,90rF. 
Cracking 
temp., 915*’F. 

Low 


0.80 Coking oper¬ 
ation 

0.89 Coking oper- 


8. M.C. topped crude. 24.0 44.41 53.53 ! 


9. Calif, gas oil.. 


1.1 61.8 28.2 


10. West Tex. residae. 21.4 37.1 61.2 


0.86 Fiadung oper¬ 
ation 

0.88 Flashing oper¬ 
ation 

0.88 Low-level 
operation 


* Ananung 12dir. shut-down for ooldng operatic and 484tf. for other operations. 
1425®P. end-point. 

1 438*F ood-point 
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operation was not entirely successful because coking occurred 
within two weeks and the tar had a Furol viscosity of over 
1,200 sec. at 122°F. In processing reduced crude oil, it is some¬ 
times necessary to use a second pipestill for heating the reduced 
crude oil. The evaporator temperature may not be high enough 
with the vapor heat exchangers alone. 

Yields and operating conditions by several mixed-phase (or 
liquid-phase) processes are given in Table 77. More definite 
yield information may be had by Eqs. (48) to (51), Chap. XVH. 

Vapor-phase Processes. —The Gyro process was one of the 
first processes successfully to overcome the difficulties of cracking 



Fig. 160.—Gyro vajwr-phase process. {Alco Products Company.) 

in the vapor-phase. Major among thase difficulties had been the 
formation of coke, the short length of the operating period, and 
difficulties in treating the distillate. At the same time, a large 
amount of gas was produced, and until recently the yield of gaso¬ 
line by vapor-phase processes was relatively low. With the 
widespread use of gasoline-recoverj'' and polymerization plants, 
the total yield is now nearly equal to those of mixed-phase 
processes. In the Gyro process, the formation of coke is now 
largely avoided by the production of a pure dry vapor. 

At present the Gyro process compares favorably with the com¬ 
mon liquid-phase processes in cost of operation, length of cycle, 
and yields. Figure 160 indicates-that any charging-stock may be 
used and that the equipment is simple and flexible. However, 
only the gas oil distilled from the charge-stock is cracked. The 
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finished gasoline often has an octane number of 85 or more, whicl 
is in general higher than the octane number of the gasoline 
produced by other processes. The gas is of a highly unsaturated 
nature and is of great importance as a raw stock for the manu¬ 
facture of chemicals. An important mechanical advantage 
is the relatively low pressure that is used. The pressure at the 
evaporator is 10 to 40 lb. per square inch,® and at the pipestill 
outlet the pressure is about the same and only great enough to 
force the product through the fractionating and condensing 
system. 

Common operating temperatures are still-outlet temperature, 
1150®F.; oil from economizer, 700°F.; and temperature at 
evaporator, 600°F. The cycle efficiency of the Gyro process is 
reported to be over 96 per cent when operated with normal 
stocks. 

Table 78 shows yield data for the Gyro and de Florez processes. 
A relatively large amount of gas is produced in vapor-phase 
processes, and hence gasoline absorption and stabilizer systems 
must be employed (Fig. 160). 


Table 78.— Yields by Vapor-phase Processes 


Charging-stock 

A.P.I. 

Gaso¬ 
line, per 
cent 

Tar, 

per 

cent 

Gas, 

per 

cent 

I 

Process 

Reference 
and notes 

Still bottoms. 

15 

40.9 

45.3 

10.9 

Gyro. 

7 

Topped crude.... 

27 

57,0 

30.9 

11.9 

Gyro 

7 

Gas oil. 

30-34 1 

75.1 

11.4 

12.5 

Gyro 

7 

Pa. gas oil. 


63.8 

14.1 

26.8 

Gyro 

7 

Pa. gas oil. 


61.4* 

7.9 

29.2 

deFlorez 

6 


* Probably yield of untreated distillate. 


The true vapor-phase process® involves the recycling of the 
gaseous products of cracking through the cracking coil to effect a 
maximum yield of gasoline by cracking, polymerization, alkyla¬ 
tion, etc. 

‘ Wagner, C. R., Vapor-phase Cracking, Petroleum Eng., November, 1929. 

• deFlorez, L., a New Type of Cracking Unit, 10th Ann. Meeting A.P.I., 
Chicago, December, 1929, 

’ Ref. Nat. Gaao. Mfr., February, 1932, p. 116, 

* Praeobr, F., Ref. Nat. Chiao. Mfr., May, 1938, p. 207. 
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Coking.—The production of coke is accomplished by lengthen¬ 
ing the time of cracking. The equipment used in modem semi- 
continuous processes is much the same as that used in cracking 
processes except that drums, chambers, or reaction vessels must 
be provided for the accumulation of the coke. Several coke 
drums are usually provided so that several of them can be emptied 
while another is onstream. At least three coke drums are 
necessary because time is required to dry the coke and difficulties 
frequently arise in the removal of the coke. 



Semi-continuous cokers were not successful for many years 
because the black tarry stock was exposed to cracking conditions 
in the tubestill. Most of the processes that are now successfully 
operating are of the general type shown in Fig. 161. A clean 
distilled stock is produced from the coke drum, along with gas 
and distillate, and this distilled stock is recycled through the 
furnace and the coke drum and back to the fractionating system. 
The small entrainment tower is provided to ensure that no black 
material gets into the furnace charge-stock. The temperature 
in the coke dmm is sustained entirely by the recirculating stream. 
Much of the cracking occurs in the pipestill tubes, but the drum 
is necessary to prolong the time and for the accumulation of coke. 

Again it will be noted that the process is similar to the tubestill 
process shown in Fig. 157. It differs from the latter in that coke 
drums replace the evaporator of the tubestill process. The 
entrainment tower would probably be an advantage in the 
tubestill process. Normally no heat-exchange is used because 
the cold charge-stock is usually viscous and the exchangers 
tend to become plugged. 
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In the earlier cracking processes, notably the Dubbs proce 
a reaction chamber or chambers were provided so that the pla u 
could be operated as a coking plant. Coke has been removed by 
means of a special steel cable which is suspended in spiral form 
from the top to the bottom of the chamber. At the end of the 
run the cable is pulled through the bottom manhole, cutting 
through the coke and breaking it so that it may be dropped 
through the bottom manhole. Large drills are also used to cut 
the coke from the reaction chamber, and in some instances high- 
pressure water nozzles® are used. 

Knowles coking ovens involve increased flexibility in operation 
and produce a uniform high-quality coke.^® A cracked fuel oil, 
which has been flashed down to a gravity of 1 to,2 A.IM. is intro¬ 
duced slowly into the oven for about 100 min. or until a 10-in. 
layer of coke is produced. The coke bed is dried by heating for 
about 3 hr., reaching a final temperature of 1200®F., and is then 
removed by opening doors at both ends of the oven and ramming 
the hot coke into a quench-car by means of a large mechanical 
ram. 

Almost pure carbon or artificial graphite, which is suitable for 
carbon electrodes, motor brushes, dry cells, etc., can be made by 
calcining petroleum coke.^^ In this process, the refinery coke is 
passed through a 100- to 125-ft. cylindrical rotating kiln by which 
it is heated to a bright red heat. 

Combination Cracking Units. —The large amount of heat that 
can be recovered from a cracking plant, the advantages of crack¬ 
ing selected stocks at optimum operating conditions, and the 
general similarity of such operations as cracking, viscosity break¬ 
ing, and reforming have led to the development of processes that 
comprise a combination of operations. Among the operations 
that have been advantageously combined are to be found the 
following: 

1. Crude oil topping, using a separate tower for straight-run distillates. 

2. Viscosity breaking, usually a onccs-through operation on straight-run 
residuum, although admission of black stock to the cracking coil is 
practical in some plants. 

• Court, W. F,, Hydraulic Decoking of Coke Chambers, Proc. AJPJ, 
Refining Div., Chicago, 1938. 

Foster, A, L., Lubrite Converts Fuel Oil into More Profitable Products, 
Nat. Petroleum NetoSy May 6, 1936, p. 33. 

Stockman, L. P., First California Calcining Unit . . . , OiZ Oae J., 
July 4, 1940, p. 36. 
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3. Reforming of naphtha, usually as a once-through operation but also as 
a recycling operation—and sometimes employing a catalyst. 

4. Selective cracking of several boiling-ranges of stock. 

5. Coking of cracked tar. 

(). Vacuum flashing of hot cracked tar for asphalt or to produce more 
recycle stock. 

7. Gasoline recovery from the cracked gas. 

8. Polymerization of olefin gases and decomposition of saturated gases. 

9. Stabilization of gasolines and pressure distillate. 

Operations 2, 3 and 4 are so similar in principle that they can be 
centered about a single evaporator or vaporizer. In each of 
these processes the cracked stocks must be currently freed from 
cracked tar if coking of the tubes is to be avoided. Thus in 
Fig. 102 all these stocks are led to a .common evaporator vessel, 
and the commingled vaporized parts proceed to a single fraction¬ 
ating tower. In this tower the several recycle stocks are sepa¬ 
rated from one another and sent back to their respective cracking 
coils. If coking is practiced, the evaporator would be replaced 
by coking chambers and an entrainment vessel much as shown in 
Fig. 101. Operations 7 and 8, viz,, gasoline recovery and poly¬ 
merization, are also similar in principle, and hence the recovery 
of any gaseous produ(^ts, either natural or polymer, may be 
conducted in a common absorption and stabilizing system. 

Figure 102 has purposely been simplified to permit illustration 
of the principles that are involved—and it should not be con¬ 
sidered as a working flow diagram. In commercial practice 
many elaborations have been used or found necessary. As 
illustrations, several evaporator vessels and fractionating towers 
may be used rather than a single vessel; the polymerization 
processing may be conducted in a separate evaporator, fraction¬ 
ator, and absorption system; or a pipestill may be used instead of 
heat exchangers. In many instances the complicated processing 
utilized in actual plants is due to the use of old equipment that 
by itself is not large enough to handle the combined stocks indi¬ 
cated in Fig. 162. For more detailed information refer to the 
current literature. 3 . 12 , 13 , 14.16 

1 * Williams, N., Atlantic Hefinery on Gulf Coast, Oil Gas J., Fob. 23, 
1939, p. 70. 

Egloff and Nelson, Modern Oacking Process, Oil Gas J., June 25, 
1936, p. 50. 

Anon., New Richfield Refinery, Oil Gas J., Mar. 2, 1939, p. 36. 

Smolbt, E. R., Combination Cracking Economics, Ref. Nat, Gaso. MJr,^ 
May, 1938, p. 184. 
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Yields combination processes are, of course, a summation of 
the yields from the separate operations. An indication of yields 
is given in Table 79. 


, Table 79.—Yields by Combination Cracking Processes 



Bast 

Texas 

crude 

39 

A.P.I. 

East 

Texas 

crude 

38.6 

A.P.I. 

East 

Texas 

crude 

M.C. 

crude 

36.9 

A.P.I. 

Mich¬ 
igan 
crude 
39.9 1 
A.P.I. 

M.C. crude 

36.9 A.P.I. 

Straight-run gasoline. 

19.7 


18.51 

18.5 

26.8 

7.3 

33 

26 

20 

Cracked gasoline. 

43.7 


39.3 

39.3 

41.5 

56.9 

36 

42 

46 

Coly gasoline. 

none 


5.2 


none 

none 

none 

none 

none 

Total gasoline. 

63.4 

70.6 

63.0 

57.8 

68.3 

64.2 

69 

68 

65 

Furnace distillate. 

Fuel oil. r. 

28.9 

18.6 

12.0 

20.0 


25.2 

25.1 

25.0 

25.0 

2...0 

Gas and loss. 

7.7 

10.6 

5.0 

10.2 

6.5 

10.7 

6.0 

7.0 

10.0 

Fuel oil. A.P.I. 

Gasoline (total), octane No,,.. 

12.4 

69.2 

4.3 

68.0 

70.0 


9.2 

GO.O 

9.6 

63.0 

63.0 

60.0 

70.0 

Reference. 

13 

IS 

12 j 

13 

s 

s 

is 

1 

u 


‘Viscosity breaking is conducted for the purpose of decreasing 
the viscosity or pour-point of an otherwise unsalable residue. 
The oil is heated to 830 to 890®F., and a yield of 5 to 15 per cent 
pressure distillate is produced. The results of several bomb 


Table 80.—-Viscosity-breaking Tests 


Stock 

Crack¬ 

ing 

temp., 
deg. F. 

A.P.I. 

1 

Viscosity 

j 

Pour- 
point, 
deg, F. 

Distil¬ 

late 

.. 

Before 

After 

Before 

Test method 

After 

Before 

After 

Per cent 

A.P.I. 

Fuel oil. 

i 

830 

26.3 

26,9 

18 

Furol at 122 

14.2 

55 

0 

18.0 

45.0 

Residual fuel oil. 

845 

18.8 

18.6 

193 

Furol at 122 | 

49.0 

65 

55 

21.6 

46.^ 

Oaa oil. 

840 

26.3 

18.6 

337 

Say. at 100 ' 

253.0 

76 

15 

38.2 

40.9 

Gae oil. 

837 

25..3 

24.2 

337 

Say. at 100 

108.0 

75 

0 

17.0 

58.4 

Reduced crude. 

860 

22.0 

28.4 

92 

Say. at 210 


87 


0.0 



cracking tests are shown in Table 80.^® A similar operation, 
which consists of heating a heavy residue to 870 to 900®F. for the 
purpose of distilling additional gas oil cracking-stock, is practiced 
by some refiners. Decomposition is not harmful in such a dis¬ 
tillation because the gas oil is to be subsequently cracked. In 

Tests by Dr. S. Bom and the author in the laboratories of the University 
of Tulsa, 1933. 
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this way a 70 per cent yield of 14 A.P.L gas oil has been obtained "^ 
from an 8 to 10 A.P.I. residue. This was accomplished by hea - 
ing the stock to about 900®F. in a pipestill heater and flashing 
the heated oil in a simple fractionating tower. The residue was a 
brittle bituminous material which could be powdered and fired 
as a fuel. The same results, if accomplished by vacuum or 
steam, would be uneconomical. Such units are simple distillation 
equipments differing from normal topping stills only in the design 
of the furnace, which should be designed for a somewhat mild 
rate of heating. 

Reforming must be practiced in order to dispose of the large 
bulk of low octane-number straight-run gasoline or naphtha that 
is obtained during the topping of crude oil. Straight-nin gasoline 
has an octane number of about 50; cracked gasoline about 70; 
and the average gasoline now marketed is nearly 70. Thus, 
polymerization, reforming of naphthas, and the use of tetraethyl 
lead are necessary. Yields by reforming are higher than from 
regular crac^king-stocks, being 60 to 85 per cent for stocks ranging 
from kerosene to gasoline. However, the yield is not entirely 
dependent on the charge-stock because the yield may be greatly 
changed by the extent of cracking that is practiced. As an 
example, Egloff and Nelson^® report the following commercial 
results when cracking 17.9 A.P.I. topped Smackover crude oil at 
200 lb. per square inch and at 935°F. 


Gasoline 

Residue 

Gas and loss, 
per cent 

Yield 

A.P.I. 

Octane- 

number 

Yield 

A.P.I. 

Universal 
Saybolt 
vis. and 
122‘’F. 

39.0 

57.1 

80 

68.4 

8.7 


2.6 

45.2 

67.0 

80 

48.0 

4.8 


6.8 

48.8 

55.3 

80 

46.0 

2.6 


5.2 

60.2 

55.6 

80 

44.8 

0.7 

1,411 

6.0 

63 1 

56.1 

80 

None 

Coke 


36.9 (and coke) 


Viscosity Breaker, Ref. Nat. Gaso. Mfr.y July, 1932, p. 431. 

” Cracking Light and Heavy Oils, 3d Midyear Meeting, A.P.I., Tulsa, 
May, 1933. 
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These data are not for a reforming operation, but they do 
indicate the effect of the amount of cracking that is practiced. 
These authors conclude that it is not economical to top the light 
gasoline and reform the naphtha separately, because the yields 
and the octane number are substantially the same if the entire 
gasoline is reformed. These results are not entirely in agree¬ 
ment with the results of LeRoi and Ferguson (page 293). 

LeRoi and Ferguson^® conclude that the yield of a given 
octane-number product is greatest by a*once-through operation, 
i,e.y by passing the stock through a heating coil only. Smaller 
yields are obtained in passing the stock through a coil and soaker, 
and still smaller yields are obtained by recycling. They find 
the capacity of a given equipment is greater at higher pressures. 

Table 81. —^^Tblds by Eeporming 


Stock 

A.P.I. 

Octane 

niim> 

ber of 
stock 

Crack- 

. 

mg 

temp. 

Crack¬ 

ing 

pres¬ 

sure 

Yield 

gaso. 

Octane 
No. of 
gaso. 

Process 

Refer¬ 

ence 

Pa. gasoline. 

68.7 

40 



83.7 

76 

Dabbs 

» 

Pa, naphtha. 

52 7 

30 



84.4 

76 

DublM 

3U 

Pa. kerosene. 

46.1 




81.2 

75 

Dubbs 

»> 

Naphtha. 

Cracked naphtha. 

47-601 


1010 

350 

.... 

72 

Quench prexseas* 


Cracked naphtha. 



998 

350* 


69 

Quench process* 


Cracked naphtha. 



1010 

330 


70 

Quench process* 


Naphtha. 

61.0 


925 

1,000 

82.0 

I 70 

Tulx* and Tank 

91 

Pa. gasoline. 

64.6 

50 

1000 

400 

76.7 

75 

Dubbs 

la 

Pa. naphtha. 

64.0 

31 

960 

500 

73.5 

76 

Dubbs 

IS 

Joiner and E. Tex. gasoline. 

58.7 

66 

950 

500 

84.4 

75 

Dubbs 

IS 

Joiner and E. Tex. naphtha. 

58.7 

56 

1 650 

500 

88.1 

71 

Dubbs 

11 

E. and W. Tex. gasoline_ 

61.3 

50 

995 

450 

85.8 

73 

Dubbs 

la 

M.C. gasoline. 

60.8 

42 

975 

500 

83.3 

70 

Dubbs 

1 

M.C. naphtha. 

63.5 

34 

1000 

500 

75 5 

76 

Dubbs 

1 la 

W. Tex. gasoline. 

68.1 

61 

950 

750 

87.4 

78 

Dubbs 


W. Tex. naphtha. 

51.5 

52 

950 

750 

80.4 

78 

Dubbs 

la 


* Separate reforming coils. 


Data on the yields by reforming are given in Table 81. Gold- 
trap®* also reports higher yields of a given octane-number gasoline 
Developments in Naphtha Reforming • . . , 3d Midyear Meeting, 
A.P.I., Tulsa, May, 1933. 

•® Eoloff and Nelson, Oil Gas Jan. 7, 1932, p. 22. 

McConnell, E. B., Ref. Nat. Oaeo. Mfr.f May, 1931, p. 95. 

Increasing Octane Values • . . > Ref. Nat. Gaso. Mfr., April, 1932, 
p. 281. 
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when higher pressures are used. A discussion of the octane 
number obtained by reforming will be found in Chap. XVII. 

Economic Feasibility of Coking.—The feasibility of conducting 
any or all of the types of decomposition such as reforming and 
viscosity breaking is an economic problem that depends to a 
large extent upon market conditions. One of these processes, 
however, viz., coking, is somewhat isolated from particular condi¬ 
tions and hence will bear special study. Its position of impor¬ 
tance lies largely in the* fact that it may be used to alleviate a 
distressed fuel oil market by eliminating excess fuel oil stocks into 
gasoline products. In order to conduct coking rather than to sell 
fuel oil directly, the value of gasoline must be as large as or larger 
than the figures given in Table 82. A complete study of the 


Table 82.—Minimum Value op Gasoline below Which Coking Is an 
Unphofitable Operation (1936) 


Value of fuel oil, 
cts. per bbl. 

Minimum market value of gasoline, cts. per gal. 

10 A.P.I. 
charge-stock 

13 A.P.I. 
charge-stock 

16 A.P.I. 
charge-stock 

20 

9.8 

6.0 

4.7 

30 

13.0 

9.1 

6.9 

40 

high 

12.2 

9.1 


factors involved is given in the original reference.*® This table 
indicates clearly that coking is not a profitable operation unless 
the price of fuel oil is very low or unless the gasoline price is very 
high. One factor, the value of coke, is not mentioned in Table 82. 
A value of $1.50 per ton was used (50 cts. over the cost of removal 
and storage); and hence if the market value is $2.00 or $3.00 per 
ton, the values of gasoline given in the table will be greatly 
lowered. Costs of operating and constructing cracking units 
are given by Smoley^® and others.** 

The Houdry Process.— This process is the outstanding example 
of the so-called catalytic cracking processes. Most catalytic 
processes have been developed for handling particular hydro¬ 
carbons, whereas this process takes all the hydrocarbons in a 

*» Nblson, W. L., Coking and Cracking, Ref. Nat. Gaso. Mfr.^ March. 
1936, p. 85. 

« Nelson, W. L., Oil Gas Apr. 6, 1939, p. 55; and Mar 23, 1939, p. 80. 
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\ride-boiling-range stock and converts them into an unusually 
uniform gasoline product regardless of the type of raw stock that 
is handled. The octane number of the gasoline is about 79 by 
the C.F.R. motor method (about 95 by the 1939 C.F.R. research 
method), and the yield is 44 to 46 per cent gasoline based on the 
(?harge to the catalyst (once-through) whether the raw stock is a 
light distillate or a heavy one.^^ The success of the process, 
^iside from the high degree of mechanical ingenuity involved, is 
due primarily to the following factors: 

1. By means of a large once-throiigh yield, the bulk of material that must be 
handled by the more expensive method of recycling in a thermal process is 
greatly reduced. 

2. No heavy residue is produced, and hence the fuel oil market is relieved. 

3. The gasoline has a high octane number and an exceptionally high (octane) 
blending value. 

The charge-stocks now recommended^® consist of distillate 
materials from any source, including gas oils from cracked tars 
or coking chambers. Low-carbon residue materials are most 
suitable. The flow (Fig. 163) is similar to a high-temperature 
distillation system but having chambers and their appurtenances 
for contacting the vapor with the catalyst. Should distillate 
materials constitute the charge-stock, the tar separator shown in 
Fig. 163 can be dispensed with. The vapor in the presence of 
lu'ocess steam is admitted to the chambers at about 840°P\, and 
passage through the chamber is continued for about 10 min. By 
this time the pores and surface of the catalyst have been covered 
with a thin film of carbon and the catalyst must be regenerated. 
The entire cycle is about as follows: 

1. Onstream—10 min. 

2. Oil and vapor purge by venting to a condenser and steam jet evacuation 
system—5 min. 

3. Regeneration with preheated air—10 min. 

4. Air purge by steam jet ejectors—5 min. 

All operations are automatic, even to the opening and closing of 
valves. Air is supplied by a centrifugal multistage compressor 
directly coupled to a gas turbine. The compressed air (360®F.) 

* Wilcox, 0. W., Houdry Catalytic Processes . . . , World Petroleum^ 
Annual Refinery Issue, 1939. 

^ Much of the data given here and later were part of a private communica¬ 
tion from the E. B. Badger & Sons Co. and the Houdry Process Corporation, 
1940. 
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at 60 lb gage pressure is preheated to 700 to 800®F. and admitted 
to the ehambers. The flue gases issue from the chamber at 
850 to 950®F., having absorbed enough heat energy to operate 
the gas turbine used in compressing the air. 

During this cycle the heat of reaction must be provided during 
the onstream phase and the heat generation during regeneration 
or burning with air must be removed. These conditions are met 
by recycling a mixture of molten salts which tends to keep the 



Fki. 103.—Houdry catalytic cracking process. 


reaction temperature up to about 850®F. and the regeneration 
temperature down to 950°F. The net result is an excess of heat 
which may be used to produce high-pressure superheated steam. 
About 150,000 B.t .u. per barrel of charge to the catalyst is avail¬ 
able for steam generation. The low pressure of 7 to 15 lb. main¬ 
tained on the chambers during operation is a distinct advantage 
over the common thermal cracking process which must operate 
at 200 lb. and up. 

The chambers resemble a condenser in which the catalyst is 
packed around the tubes. The vapor passes on the outside of 
the tubes and through the catalyst, and the recycling molten salt 
flows through the tubes for purposes of heating or cooling. The 
tubes have metal fins on the outside which extend to within about 
an inch of all parts of the catalyst mass. 
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Clay catalysts having a base of hydrated silicate of alumina to 
which has been added small amounts of metallic oxides are widely 
used because of their ruggedness and long life. More active 
catalysts comprising nothing but compounded materials are also 
available. The amount of catalyst required is indicated in 
Table 83, which shows yields as a percentage of the yields when 
using 1 bbl. of catalyst for 1 bbl. of liquid oil per hour. Tem¬ 
perature (810 to 880°F.) has little effect on the yield of gasoline, 


Table 83.—Effect of Flow Rate on Yield 
Using clay catalyst 


Rate, bbl. 
oil per hr. 
through 

Yields as percentage of yields at 1 bbl. of oil per bbl. of 
catalyst 





1 bbl. of 
catalyst 

Total liquid 
recover}'’ 

Gasoline 

Coke 

Gas 

0.6 • 1 

92.5 

117 

160 

153 

0.8 

97.0 

109 

115 

119 

1.0 

100.0 

100 

100 

100 

1.2 

101.5 

91 

89 

86 

1.5 

103.0 

79 

77 

70 


but the octane number (C.F.R. 1939 research method) is increased 
by four to six points at the higher temperatures. Process steam 
decreases the activity of the catalyst, but it is used as a means of 
controlling the extent of the reaction. New catalyst is very 
active; and as its activity decreases, the amount of procjess steam 
can also be reduced. Increase in pressure (15 to 85 lb. abs.) pro¬ 
duces an increase in gasoline yield, but the gas and coke forma¬ 
tion increases even more rapidly. Thus, high pressures are not 
widely used. The more active the catalyst the greater the yield 
of gasoline, but the coke and gas formation increases more than 
proportionally. The catalyst lasts more than 6 montlis and 
frequently more than a year. 

Yields-® are indicated in Table 84. The Houdry gas oil is an 
excellent charge-stock for thermal cracking. Thus, the Houdry 
process is used in connection with thermal cracking equipment 
for handling gas oil and with coking plants for handling heavy 
straight-run residues. 

The catalyst renewal cost amounts to about 2.5 cts. per barrel 
of capacity based on a change of catalyst every 6 months. The 





532 PETROLEUM REFINERY ENGINEERING 

cost of operation is less than for thermal cracking, but the initij ] 
investment in equipment is so great that only large plants arf 
built. 


Table 84.—^Yields and Products by Houdry Process 



50-94.6% 
cut of 
Mirando 
crude 
17.2 
A.P.I. 

East Texas 
gas oil 35.7 
A.P.I. 

I 

Reforming 

naphtha 

46.8 A.P.I. 

Light gasoline, per cent by volume 
Gasoline, per cent by volume. 

49.4 

36.5 

39.1 

58.75 

83.42 

Motor naphtha, per cent by volume 

10.4 

50.2 

21.40 

Gas oil, per cent by volume. 

51.0 

39.1 

11.4 

9.10 

9.10 

Total liquid. 

100.4 

86.0 

101.7 

89.25 

92.52 

Dry gas, weight per cent. 

4.9 

13.7 

5.4 

12.14* 

8.22* 

Catalyst carbon, weight per cent.. 

4.4 

5.4 


1.71* 

1.71* 

Gasolines, A.P.I. 

53.4 

65.7 

64.4 

60.1 

57.8 

Gasolines, end-point, deg. F. 

420 

340 

392 

328 

392 

Gasolines, octane No. (M.M.). 

Motor naphtha, A.P.I. 

79 

80.6 

38.3 

80.9 

38.3 

77.6 

39.5 

76.5 

Motor naphtha, initial deg. F. 


320 

320 

311 


Motor naphtha, end-point, deg. F. 


452 

452 

416 


Gas oil, A.P.I. 

17.8 

32.7 

32.7 

25.2 

25.2 

Gas oil, initial, deg. F. 

441 

440 

440 

412 

412 

Gas oil, end-point, deg. F. 

728 

692 

692 

694 

694 


* Fuel oil equivalent—not weight per cent. 


The Hydroforming Process.—This catalytic hydrocarbon- 
reforming proces.s promises competition with the Houdry process, 
but as yet details of operation have not been disclosed. 2 ®® The 
process operates on low-octane-number naphthas, producing 
77-80 octane-number gasoline in yields of 80 per cent. It differs 
little from thermal reforming except that the product does not 
require chemical treatment and it contains scarcely any olefin 
hydrocarbons. Naphtha is heated to the reaction temperature 
and mixed with a similarly handled recycle gas (containing 
some hydrogen). The mixture is then sent through catalyst 
chambers and thence through the customary train of equipment, 

•••Smith and Moore, First Commercial Hydroforming Plant Now in 
Operation, Oil Gas J., Mar. 27, 1941, p. 87; and Hightower, J. V., First 
Hydroformer Unit Put On Stream, Ref. Nat. Gaso. Mfr.^ May, 1941, p. 153. 
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such as a vessel for the separation of recycle gas, a stabiliaer 
tower for the elimination of tiie gas product, and a tower for 
separating the gasoline and bottoms. It is a once-through 
operation except for the recycling of gas. 

The hydrogen and recycle gas appears to function as an agent 
for controlling the reaction so that scarcely any olefin hydrocar¬ 
bons are produced. The lack of these very reactive hydrocarbons 
(olefins) may account for the relatively long cycle of operation 
before coke or carbon dulls the activity of the catalyst. Two 
catalyst chambers are provided and, while one is being used, the 
other is revived by burning the carbon from the surface of the 
catalyst by the passage of a hot stream of flue gas containing a 
small amount of oxygen. The gasoline consists of 40 to 50 per 
cent of aromatic hydrocarbons, which w^buld indicate simul¬ 
taneous reactions of decomposition (cracking), dehydrogenation 
of ring structures, hydrogenation of olefins, and perhaps isomer¬ 
ization and alkylation. 

POLYMERIZATION 

The fundamental theory underlying the polymerization process 
has been discussed in Chaps. XVII and XVIII. The feed-stock 
for such processes consists of olefin hydrocarbons; and except 
for the relatively small amounts of olefin gases that are available 
from cracking-still gas, the feed-stock for polymerization proc¬ 
esses must be produced in a preliminary operation of decomposi¬ 
tion or dehydrogenation (refer to Fig. 97, Chap. XVII). The 
cost of producing olefin hydrocarbons from saturated hydro¬ 
carbons has been a deterrent to the adoption of polymerization 
processes, and it also accounts for the attention that is now being 
centered on alkylation processes. In these, only half as much 
olefinic material is required in the feed-stock as compared with 
polymerization, and hence much of the expense of decomposition 
or dehydrogenation may be avoided. 

The thermal process of polymerization is favored for large- 
scale operations based on butanes as a feed-stock, because 
having once attained the high temperature required for decom¬ 
position, the polymerization reaction can be conducted at little 
expense by feimply holding the decomposed stock for a few 
minutes before cooling it. The optimum operating conditions 
for decomposition and polymerization are not exactly the same, 
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but from an economic standpoint it has been found that the 
two processes can be successfully conducted in a single operation 
of heating. Catalytic polymerization is most widely used 
for handling gases that arc already rich in olefin gases, i.e., in 
connection with cracking plants. The catalytic processes arc 
also better adapted to small-scale operation. 

As yet, catalytic dehydrogenation has not been applied widely 
on a commercial scale. The development of such processes 
will instigate a wholesale development of commercial poly¬ 
merization, alkylation, and related chemical processes. 

Thermal Polymerization.—This process is so intimately related 
iO the process of thermal decomposition that most commercial 
flow diagrams show both processes—in fact, the flow diagrams 
are devoted more to* decomposition and product recovery than 
to polymerization. Inasmuch as antiknock properties arc the 
primary superiority of polymerized gasoline, branched-chain 
hydrocarbons (mainly isobutane) are preferred as a feed-stock 
because they yield high octane-number polymers. Propane 

Table 85. —Stocks and Products of Polymerization Plant* 



* See Fig. 164. 


is not used as a feed-stock because of the high pressures and 
temperatures that must be employed, although it usually con¬ 
stitutes a portion of the recycling stream of a polymerization plant. 

The flow diagram shown in Fig. 164 shows the essential features 
of the Baytown plant of the Humble Oil & Refining Co.^’^ Analy- 

” Turner and Rubby, Light Hydrocarbons . . . , Ref. Nat. Gaso. Mfr.y 
September, 1938, p. 423. 
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ses of the feed and several stocks are shown in Table 85. The 
capacity of the plant is 10,000 bbl. daily, but the amount of 
material charged to the furnace is 38,000 bbl. per day. The 
yield of finished polymer gasoline is 3,500 bbl. per day. The 
yield of gasoline (10 lb. Reid) decreases with the conversion- 
per-pass somewhat as follows: 



Yield of polymer, weight per cent 


5% conversion 

10% conversion 

15% conversion 

Propane. 

51.7 

47.5 


Butane. 

71.6 

64.4 

56.7 


Note that the conversion-per-pass applies to both the decom¬ 
position and the polymerization parts of the still. 

Catalytic Polymerization.—The two most successful catalytic 
processes are those utilizing a solid phosphoric acid catalyst and 
those using sulfuric acid as a catalyst. Sulfuric acid is also 
useful in alkylation processes, and to some extent sulfuric acid 
alkylation is displacing sulfuric acid polymerization. Both 
of these methods must be used with an auxiliary operation, 
such as cracking, decomposition, or dehydrogenation, for the 
production of an olefin-rich feed gas. 

The flow diagram of a phosphoric acid polymerization plant 
is shown in Fig. 165. The equipment consists essentially of a 
heater and catalyst chambers. The temperature at the outlet 
of the heater is 340 to 400°F., which is sufficient to maintain 
an average temperature in the chamber of 400 to 450°F. Higher 
temperatures must be avoided because at 650®F. the catalyst 
tends to volatilize, and even at lower temperatures, water 
vaporizes from the catalyst. Water is sometimes injected in 
the amount of 5 per cent of the volume of the feed-stock to 
suppress the vaporization of water from the catalyst, but large 
amounts of water tend to soften or disintegrate the catalyst 
into a mud and also to promote the formation of propyl alcohol. 
A pressure of about 500 lb. per square inch is employed. 
This serves to reduce the volume of gas that must be handled, 
to increase the rate of reaction (page 343), and to provide sufl&cient 
pressure in the stabilizer to condense liquid propane as a reflux 
material. 
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As much as 70 gal. of gasoline has been produced per pound of 
catalyst, but a large amount of catalyst is employed so that 
shut-downs for regenerating or replacing the catalyst are infre¬ 
quent. In studies of poIymerization28.29 the amounts of gas 
per hour per pound of catalyst ranges from 1.1 to 11.9, but in 
commercial operations larger amounts of catalyst are used in 
order to permit long runs. The life of the catalyst is so great 


Recycle gases 



Stabilizer 

Fig. 1G.5.—PhoHphoric acid polyineriziition. {Oil Gan J .) 


that in many smaller plants it is replaced rather than r(‘generated. 
Regeneration is condiujted by passing air (t)5()°F.) into the 
chamber at such a rate that the temperature does not exceed 
950®F. and then hydrating the. catalyst l)y maintaining an 
atmosphere of steam for 10 to 16 hr. at approximately 500°F. 
The conversion of propene and butene to polymer gasoline 
amounts to about 90 per cent or a yield of about 10 gal. per 
thousand cubic feet of pure olefin gases. The gasoline has a 
high octane-blending value,^^ being equivalent to octane numbers 
of 100 to 125 depending upon the octane number of the low-value 
blending stock. 

** Eglopf, Ipatieff, and Corson, Polymerization a New Source of 
Gasoline, Ind. Eng. Chem., 27, 1077 (1935). 

Ipatieff and Egloff, Polymer Gasolines from Cracked Gases, Oil Om 
J., May 16, 1935, p. 31. 
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The hot acid (sulfuric) polymerization process*® is used to 
polymerize butylenes into polymers of the gasoline boiling-range. 
At lower temperatures only isobutylene is absorbed by 67 per 
cent acid, and hence the cold-acid process may be used (along 
with hydrogenation) for the manufacture of isooctane (2,2,4- 
trimethylpentane). In the hot-acid process, mixed butylenes 
are polymerized to the extent of 85 to 90 per cent by absorption 
into 67 per cent acid at a temperature of about 8()°C. Poly¬ 
merization is so rapid at this temperature that the butylenes 
are scarcely absorbed before polymers are formed. The plant 
consists of a reaction tower followed by vessels for prolonging 
the time and acid settlers. The acid is recycled through this 
part of the system along with the feed-stock and is not consumed 
except by mechanical entrainment or losses. The polymerized 
material along with unaffected hydrocarbons is neutralized with 
caustic soda and sent to a stabilizing column for the separation 
of raw polymer gasoline and gas. The contact time is between 
10 and 15 min. Plain steel and iron equipment is used for the 
part of the system that is in contact with acid. Excessive 
corrosion does not take place. 

The raw polymer may be treated to remove all sulfur and 
h^'^drogenated to give saturated side-chain products similar to 
isooctane. In the alkylation processes, which are discussed 
later, hydrogenation is not necessary because the product of 
the process consists of hydrocarbons that are already saturated 
with hydrogen. 

ALKYLATION 

Such processes are more important in many respects than plain 
polymerization processes. Main among thesjB is the fact that 
olefin hydrocarbons are expensive to procure as a feed-stock. 
The alkylation processes require only half as much olefinic 
material in the feed-stock as polymerization processes. The 
processes are not yet widely used commercially, but they 
promise to become very important. 

Sulfuric Acid Process. —This process has been applied pri¬ 
marily to mixtures of isobutane and butenes, although other 
combinations of olefins and isoparaffins can be employed if their 

*® McAllister, S. H., The Catalytic Polymerization of Butylenes by 
Solfurio Acid, Ref, Nat, Gaao, Mfr.j November, 1937, p. 493. 
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use becomes economically advisable. The reaction appears 
to take place in two steps, the first of which involves the formation 
of an alkyl ester such as butyl hydrogen sulfate followed by 
fiombination of this material with isobutane and the liberation 
of the acid. The absorption of the olefin hydrocarbon occurs 
at a rate several hundred times as fast as the absorption of 
paraffins, and hence in order to maintain the proper concentration 
of the two hydrocarbons in the acid it is necessary to recycle 
a large excess of the saturated hydrocarbon through the sysiem 
as indicated in Fig. Kifi. The higher the ratio of isoj)araffin 
to olefin in the feed-stock the greater the yield, the higher the 


Isobutcine recycle 



octane number, and the smaller the acid consumption,®^ and 
hence this ratio is always held at 5:1 or higher. Contact times 
of about 5 min. appear to be satisfactory, but commercial plants 
are operating at 20 to 40 min. An acid strength of 98 per cent 
is used, but it becomes diluted during processing to about 90 per 
cent. The dilution, however, is by absorption of unactive 
hydrocarbons and certain oxidation products rather than by 
water. Thus, the spent acid that is currently removed from the 
process is not destroyed chemically and may be recovered by 
standard methods or may be used in acid treating other refinery 
stocks. The make-up acid amounts to 1 to 3 lb. of acid per gallon 
Mackenzie, K. G. (read by), High Octane Aviation Fuel by ... . 
Alkylation Process, Ref. Nat. Gaso. Mfr.j November, 1939, p. 494. 
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of product. From one to two parts of acid are circulated per 
part of hydrocarbon. Agitation is accomplished by means of 
jets or baffles. Temperatures of 32 to 50°C. are employed, 
and a temperature above 70°C. results in excessive acid replace¬ 
ment and a decreased yield of gasoline. 

The alkylate product ranges from 185 to 215 per cent based 
on the olefin part of the feed and of this total alkylate, 75 to 


/sobutane feed 


ho butane os 
absorption liquid 


Isobutonc- 


Cracked c 
containing em 


as 

//enc 


H_1.Lj| 


.Hydrogen and methane 
' stripped cracked gas 


Isobutane plus ethylene 


Compressors 




Cracking feed , 
ethane U 
Propane Recycle 

Butane or * 
mixtures 

Mo(y contain some methane 

Cracking step 

Lovv pressure 1,400 
to L500 ■ “ • ■ 


- Small volume of 
gasoline from 
cracking step 


? deg. F. below 
100 lbs. pressure 
preferably 20-50 lbs. abs 


, Propane and 
ethane dis¬ 
charged 
practically no 
methane fbrmed 


Charge . 

pump-' 

4S00lb.sq.in. 






Recycle isobutane 


Neohexane gaxline\ 
to fractionators 






Fresh 
iso butane 
feed 


; Isobutane 


Fig. 167. 


Pressure conversion alkylation step 

High pressure 9?0 to 960 
deg. F. 500 lbs. sq. In, 

Thernial alkylation pro<^os8 (neohexane pilot plant). (OiZ Gas J.) 


95 per cent is 300°F. end-point aviation gasoline having an octane 
number (C.F.ll. motor method) of 87 to 93. 

Thermal Alkylation.—Whereas sulfuric acid alkylation operates 
most successfully on isobutylene, the butenes, and propylene, 
thermal alkylation acts most readily on ethylene followed by 
propylene, butenes, and isobutylene in the order named. A 
temperature of about 950®F. and a pressure of 3,000 to 5,000 lb. 
per square inch®^ are required. The olefin-rich charge-stock 
may be produced by a hydrocarbon decomposition process 
operating at 1425®F. and at nearly atmospheric pressure. Such 
conditions are favorable for ethylene formation. The ethylene 

** Obshfbll and Fret, Thermal Alkylation and Neohexane, Oil Gas 
Nov. 23 and 30, 1939, p. 50. 
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is absorbed in isobutane for introduction into the alkylation 
plant. The alkylation furnace handles a recycling stream of 
isobutane, and the ethylene-isobutane solution is introduced at 
10 points in the soaking zone of the furnace. Little tar or 
material boiling above gasoline is produced because of the low 
concentration of ethylene in the reaction zone. A general flow 
diagram of the process is shown in Fig. 107. Times of 2 to 7 
sec. are required at 950®F., depending largely on the hydro¬ 
carbons being treated and the amount of isobutylene recirculated. 

The yield of liquid products, including all hydrocarbons in 
the boiling-range of gasoline as well as neohexane, is approxi¬ 
mately 70 per cent by weight of the net consumption of ethane- 
projiane and isobutane consumed during decomposition and 
alkylation. As the normally licpiid hydrocarbon content of 
the coil-effluent is increased from 20 to 35 per cent by weight 
(conversion-per-pass), the neohexanc content of these liquids 
decrease's from about 40 to about 30 per cent. In commercial 
operation it is not feasible to strive primarily for neohexane^ 
production, and hence the preceding conversions-per-pass are^ 
employed. In theoretical experiments it is possible by using 
pure charge-stocks and a low conversion-per-pass to obtain 
liquids that contain more than ()0 per cent of neohexane. 
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CHAPTER XXV 


NATURAL GASOLINE 

Casinghead gasoline first attracted commercial attention in 
about 1904 in the Pennsylvania oil district. By 1920 the value 
of natural-gasoline products was estimated to be over $75,000,000 
per year, but during that year and 1921 the industry suffered a 
serious relapse because of the general economic stress but more 
directly because of the unscrupulous sale of casinghead-kerosene 
blends as gasoline during the previous decade. At that time the 
manufacturers formed the Natural Gasoline Manufacturers 
Association and by scientific investigations and publicity have 
been able to reestablish the respect of the buying public. Prop¬ 
erly manufactured natural gasoline has properties that make 
it of definite usefulness as a motor fuel, particularly when 
blended with regular gasoline. The low boiling-range of natural 
gasoline, or its tendency to vaporize easily, makes it an admirable 
motor fuel for cold weather when ordinary gasoline may fail to 
ignite properly. However, casinghead or raw natural gasoline 
contains dissolved gases and is not satisfactory as a motor fuel 
because the gases are evolved at engine temperatures, causing 
vapor-lock in the feed sj^stem. Today the i^ropertics of natural 
gasoline, particularly the vapor-pressure, are closely regulated, 
so that the refiner can safely take full advantage of the superior 
properties of blended motor fuels. Even pure natural gasoline 
is sold by some refiners as a motor fuel. Furthermore, natural 
gasoline has a higher octane rating than straight-run gasoline. 
For several j^ears (1933-1939) the amount of natural gasoline 
used was about 7 per cent of the total gasoline consumption. 

The lighter hydrocarbons such as propane, isobutane, and 
butane, which may be removed from raw natural gasoline during 
its processing, are finding a wide use as so-called bottled gas, as 
stocks for the manufacture of city gas, and as stocks for the 
hydrocarbon processes discussed in Chaps. XVII, XVIII, and 
XXIV. During the six years from 1933 to .1939, the production 
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of liquefied petroleum gas increased from 39 to 224 million gallons 
per year. The liquefied gas is shipped under pressure and is 
allowed to expand when ready for use. Inasmuch as the heating 
value of the pure gas is unnecessarily high, it is often mixed with 
air. The following tabulation^ indicates the cheapness of butane 
gas as compared with a normal manufactured gas. 


Comparative Prices of Butane and City Gas 


Cost of Butane at 
Burner, Cts. per Gal. 
(Delivered Price) 
8.0 
6.0 
5.0 
4.0 
3.0 


Equivalent Value of 
530 B.t.u. City Gas, 
Cts. per 1,000 Cu. Ft. 

41.4 
31.0 
25.9 
20.7 

15.5 


In 1930 the number of butane-air plants for the manufacture 
of city gas has lieen estimated as 00 and as many more were; 
under construction. Commercial butane is also used to enrich 
the low-heating-value manufactured gases. As well as cen¬ 
tralized plants of this kind, many rural dwellers are burning 
bottled or liquefied gas in kitchen ranges and lamps. 

Although the design and operation of natural-gasoline absorp¬ 
tion and stabilization plants have been handled largely by produc¬ 
tion engineers, there is no real difference in principle between 
these plants and those used in the refinery. The principles 
underlying all distillation and absorption operations are much 
the same, and the design of natural-gasoline equipment may be 
considered as a part of the design fundamentals outlined in 
previous chapters. However, natural gasoline and natural gas 
can be accuratel.y analyzed, and hence the design of natural- 
gasoline eciuipment can be approached in a more precise manner 
than the design of heavy oil equipment. 

General Processing Plan. —The processing involved in the 
manufacturing of finished • products from natural gas consists 
mainly of two operations, viz.j absorption and stabilization. 

1. Wet natural gas or a gas containing relatively large percentages of com¬ 
pounds higher in molecular weight than propane is processed to produce 
dry natural gas and raw, or mid, natural gasoline. The raw gasoline may 
be separated from the wet gas by (a) adsorption by charcoal, (6) com¬ 
pression, (c) absorption in a mineral absorption oil, or (d) a combination 
^ Oberfell, G. G., Proc. lOth Ann. Meeting Nat. Gaso. Mfr., 1931. 
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of the compression and absorption processes. Although all of these 
processes have been used, most modern plants are combination com¬ 
pression and absorption plants. Modern absorbers operate between 
35 and 500 lb. per square inch. 

2. Stabilization of the raw natural gasoline. Kaw gasolirih as obtained 
above usually contains 10 to 30 per cent methane, ethane, and propane. 
These dissolved gases cause the gasoline to be highly volatile, and they 
must be removed before the gasoline can be shipped or marketed as a 
stable product. Stabilization is nothing more than fractionation for the 
remo\'al of these light, high-vapor-pressure components. Since the 
fractionator must be refluxed with almost pure liquid propane or butane, 
the operation must be conducted under pressure. 

''Phe stabilization of wild gasoline by allowing it to stand in 
open tanks (weathering) is no longer used, because a serious 



- —1 Leanotf 

Dry gas ^ ^000 6.^^. 


Wet gas 

C2 23 ' 

C 3 24 
C4I2 
C54 


^♦j *- Recovery'^fem gas 

2 million pero/ay 

-Absorber, stripper, and stabilizfM*. 


o Temperatures 
■ Pressures (Oq) 


Fig. 168.- 


loss occurs by vaporization of gasoline hydrocarbons as well as 
gas. The removal of gases from any stock by high-pressure 
fractionation, whether it be wdld natural gasoline, casinghead 
(or drip) gasoline, pressure-still distillate, or the raw products 
from a hydrocarbon-conversion process (Chap. XVIII), is widely 
referred to as stabilization. Wlien a single hydrocarbon is 
removed from a stock, the operation is referred to as depro- 
panization,^ debutanization, etc. (refer to Fig. 109, page 367). 

A simplified flow diagram of the complete absorption, stripping, 
and stabilization operation is given in Fig. 168. The compressors 
that are used to create the pressure in the absorption tower are 
not shown. Figure 120 presents much the same arrangement 

* CouLTHURST, L. J., Depropanizatiou of Butane, Oil Gas /., July 11, 
1940, p. 50. 
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Nt, CO2, O2, etc., usually counted as CH4. 
26-70 grade. 

The wet gases of 18 yielded the dry gases of 9. 
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except that control instruments are shown. The wet gas is 
compressed and admitted to an absorber column. This column 
and also the stripper and stabilizer are of the conventional 
bubble-plate type of construction, although the tray spacing is 
usually not over 18 in. In the absorber the wet gas flows 
countercurrently to an absorption oil and leaves the top as a dry 
natural or refinery gas. The rich absorption oil flows through 
exchangers in which heat is exchanged with the hot lean absorp¬ 
tion oil, through a steam heater, and into the strip{)ing column. 
Some fractionation as well as stripping may be accomplished in 
the stripper or still, and lienee heat is supplied at the bottom by a 
steam reboiler and reflux is used at the top. Wild, or raw, natural 
gasoline and steam pass overhead, and some of the light con¬ 
stituents cannot be condensed. These are cycled back into the 
absorber. The wild gasoline is pumped through heat exchangers 
to the stabilizer (fractionator or rectifier), and stable natural 
gasoline and dry gas are produced. The stabilizer is a typical 
fractionating column with a steam reboiler. Sometimes it is more 
economical to allow some gasoline hydrocarbons to os(;ape in the 
residue gas from the stabilizer and cycle this gas through the 
absorber than to do an exact job of fractionation in the stabilizer. 

Natural and Refinery Gases.—Almost all of these gases are 
of such a composition that they can be profitably processed for 
the manufacture of natural gasoline. Prior to 1915 a gas con¬ 
taining less than 7 gal. of stable natural gasoline per thousand 
cubic feet was called a dry gas and in general was not considered 
as suitable for processing. Since that time the value of natural 
gasoline has increased and the methods of recovering the gasoline 
have been so improved that almost all natural gas containing 
more than 2 gal. of gasoline per thousand cubic feet is being 
processed and gases that contain only 0.3 gal. per thousand cubic 
feet may be economically handled. Table 86 shows analyses of 
various natural and refinery gases. 

Brewster^ reports analyses of refinery gases from topping, 
cracking, rerunning, and coke stills. The crude oil contained 
30 per cent gasoline, and an additional 30 per cent gasoline 
was produced by cracking. About 20 per cent of the original 
oil was coked. Table 87 shows the composition and amounts 
of these gases. 

* Oil Gets /., June 19, 1930, p. 46. 
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Table 87. —Amount and Composition or Refinert Gabes 



Crude 

stills 

Coke 

stills 

Dry gas 
from 
cracking 

P.D. 

release 

gas 

Auto 

tar 

plant 

P.D. 

rerun 

stills 

Total 


7 

26 

100 

37 

20 

10 

200 


61 

32 

23.8 

40.6 

28.2 

62 

31 

Approximate gal. Cb + per 
1,000 cu. ft. 

7.4 

6.1 

0.8 

3.6 

1.2 

8.2 

2.6 

Analysis: 

CH 4 . 

6 

47 

68 

18 

53 

4 

49.13 

CaH«. 

12 

16 

15 

24 

20 

10 

16.81 

CsHs. 

30 

16 

11 

31 

16 

30 

17.46 

CiHio. 

34 

9 

4 

18 

8 

35 

10.23 

C6Hit+. 

19 

13 

2 

9 

3 

21 

6.37 





In estimating the gasoline content of a wet gas the following 
tabulation will be of value. The figures represent the approxi¬ 
mate number of gallons of liquid that can be obtained from 
1,000 cu. ft. of each of the compounds. 


Ethane... 
Propane.. 
Isobutane 
Butane... 
Pentanes. 


25.2 

Hexane 

27.4 

Heptane. 

32.4 

Octane. 

31.6 

Pentanes and heavier. 

36.4 

Hexanes and heavier. 



41.1 

46.4 

61.4 

41.5 
45.0 


For the olefin hydrocarbons the foregoing figures may be 
reduced by about 10 per cent. Propane is not considered as a 
recoverable gasoline product unless bottled gas is to be 
manufactured. 


Example 76. Gasoline Content of Natural Gas.—A wet gas contains 
30 per cent butanes, 5 per cent pentanes, and 2 per cent hexanes and heavier. 
Basis: 1,000 cu. ft. of the natural gas. 

Gal. 

30 31 8 

Gasoline from butanes = X JLjOOGT X * 0.3 X 31.8 = 9.54 

Gasoline from pentanes = 0.05 X 36.5 = 1.83 

Gasoline from hexane plus = 0.02 X 45.0 = .90 

Pentanes plus » 2.73 

2 73 

Yield of 26-70 grade gasoline « « 4.01 gal. per 1,000 

Some butanes would be available for bottle gas, etc. 
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Table 89 indicates the analyses of common gasoline products. 
Commercial butane, bottle gas, and pressure distillate are also 
shown. 

Properties of Natural Gasoline. —Natural gasoline has a 
Tiigher octane number than normal straight-run gasoline. Alden^ 
finds that the antiknock properties of natural gasoline can be 
best correlated against vapor-pressure. Table 88 shows the 
approximate relationship between octane number and Reid 
vapor-pressure for Mid-Continent natural gasolines. 


Table 88.—Octane-number versus Ueti> Vapor-pressure 


Reid Vapor-pressure 
at lOO^'F. 

4 

10 

14 

18 

22 

26 

30 


Octane Number, Original Waukesha 
Unit, 212°V. Jacket 

57.3 

64.6 

69.6 

73.3 
76.2 

78.4 
80.0 


Alden also finds that the octane number of natural gasoline is 
increased more by the addition of a given amount of tetraethyl 
lead than are the octane numbers of other gasolines. Further¬ 
more, the octane number of natural gasoline is decreased less, 
when the engine jacket temperature is increased from 212 to 
350®F., than the octane number of other gasolines, and this is 
particularly true when compared with the decrease for cracked 
fuels. 

Specifications. —The official specifications of the Natural 
Gasoline Manufacturers Association of America (1940), are as 
follows: 

1. Reid vapor-pressure. 10 to 34 lb. 

2. Percentage evaporated at 140°F. 25-85 

3. Percentage evaporated at 275°F. Not less than 90 

4. End-point. Not higher than 375°F. 

5. Corrosion. Noncorrosive 

6. Doctor test. Negative, “sweet” 

7. Color. Not less than plus 25 (Saybolt) 

In addition to the foregoing, natural gasoline is divided into 
24 possible grades on a basis of vapor-pressure and percentage 
evaporated at 140®F. These grades are shown in Fig. 169. 

*Oil Gas J., Jan. 21, 1932, p. 22. 
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* Specific gravity 60/60. 
t Per cent liquid volume, 
t Heptane plua, 42.14 per cent. 
S At 105»F. 
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The grades of gasoline that are widely used fall within the 
13 grades outlined in Fig. 169. The approximate compositions 
of the different grades of gasoline can be estimated from Fig. 
170. The use of this figure can be best illustrated by means 
of an example. 


Percentage Evaporated ort 140® F. 

^^25__ 40 55 70 85 

SI Grade 34*25 .-'Grade 34-40^1 Gr^e 34-55'^ Qra"^ 34*70 

530 .-'^ .-' I" "" -t- -1 

8 Grade 30-25 .-"Grade 30-40 Grade 30-55 Grade 30-70 

Soj — ,y , - 

'i' Grade 26-25^-^rade 26 -40 Grade 26-55 Grade 26-70 

Grd[de 22 -25^ Grade 22-40 Grade 22-55 Grade 22-70 


'^'^IGrade 18-25-- Grade 18-40 i Grade 18-55 I Grade 18-70 


^ Grade 14-25 Grade 14-40 


Groide i4 -70 


Fig. 169. —Grades of natural gasoline. The most common grades are outlined in 

the block. 


Example 76. Relation of Composition and Physical Properties of Natural 
Gasoline (Fig. 170).—A natural gasoline has a lieid vapor-pressure of 16; 
it contains no propane; and 50 per cent of it distills at 140°F. What are 
its approximate composition, its gravity, and the percentage evaporated at 
100°F.? 

The percentage evaporated at 140® is located along the base line, and the 
vapor-pressure is located among the Reid vapor-pressure axes on the right, 
using the 0 per cent propane axis. These two lines cross at the circle point 
on the diagram. This intersection point is then located with respect to 
the other axes in the figure, giving properties as follows: 

A.P.I. gravity. 79.2 (curved lines reading alpng base and to right) 

Per cent evaporated at 

100®F. 18,5 (rather flat curving lines reading to right) 

Per cent butanes and 

lighter. 13.5 (horizontal lines reading at left) 

Per cent pentanes in 

pentanes and heavier 35.5 (converging straight lines reading at top) 

Analysis 

Propane. 0.0 Pentanes (35.5%). 30.7 

Butanes. 13.5 Hexanes-f (100 — 35.5)... 55.8 

Pentanes+ . 86.5... 86.5 

tentative specifications for the liquefied petroleum gases 
propane and butane are given by Legatski.® The vapor-pres- 
® OH Gaa J., May 19, 1932, p. 44. Tests are described. 
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sure specifications are limited to some extent by the vessels 
(tanks and cylinders) that are available for transportation. 
The water content must be limited because the water becomes 
frozen and clogs the vaporizing apparatus during expansion. 
The water that is permitted amounts to about 10 parts of water 
vapor per million. The sulfur content is listed as two groups of 
compounds, because sulfide stenches are often used to impart a 
characteristic odor to the gas so that leaks can be located. 

Blending of Natural Gasoline. —The composition of natural 
gasoline greatly affects its vapor-pressure. This is inferred in 
Figs. 1G9 and 170. The reason for the powerful effect of com¬ 
position on vapor-pressure is the great differences in the vapor- 
pressures of the low-boiling components. The vapor-pressure 
of propane is very high, and hence a small amount of projiahe will 
greatly increase the total A^apor-pressure. If butane is sub¬ 
stituted for propane (by good fractionation), the resulting 
gasoline has a rau(‘h lower vapor-pressure. These relations are 
giv(‘n graphically by Krernser.® Figure 171 shows the gallons 
of a heavier hydnx^arbon component that may bo sul)stituted for 
a gallon of a lighter component without changing the vapor- 
pressure of the total material. 

For each gallon of propane that is present in a M-lb. gasoline, 
about 5.35 gal. of butane or 3.5 gal. of isobutane may be sub¬ 
stituted foi‘ the propane without changiTig the vapor-pressure 
(Fig. 171). Stated in the reverse, this means that the total 
yield of 14-lb. gasoline can be increased by about 4.35 and 2.5 
per cent respectively by substituting butane or isobutane for 
propane. However, butane and isobutane must be available in 
sufficient quantity in the raw gasoline. Thus a thorough elimina¬ 
tion of the lightest component of a raw gasoline by good fractiona¬ 
tion in the stal)ilizer is a profitable operation unless the separation 
is a particularly difficult one. For summer blending require¬ 
ments a high-pentane-content gasoline is desirable, but during 
the winter a high-butane gasoline may be used. 

The Reid vapor-pressure is slightly lower than the true vapor- 
pressure because of inadequacies of the Reid test. This dis¬ 
crepancy is a function of several variables and hence can be 
given in only an approximate way. The true vapor-pressure is 
6 to 9 per cent higher than the Reid vapor-pressure. 

• Midyear Meeting, A.P.I., Tulsa, June 3, 1932. 
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The boiling-range of naphtha and natural-gasoline blends can 
be closely approximated by averaging the material boiling up 1o 
given temperature, in the ratio of the quantity of each blending 
agent that is used. The method is exact for fractionating 
distillations, but it is not perfect for distillations such as the 
A.S.T.M. distillation. If the entire distillation range is desired. 



Fig. 171.—Amount of a natural-gasolino component that can be substituted 
for another component without changing the vapor-pressure. {Kremaer, Oil 
Gaa /.) 


the calculations can be more easily accomplished by graphical 
methods. The curve of the blend will be spaced from the curves 
of the two blending stocks by a distance along the percentage 
axis that is inversely proportional to the amount of each blend¬ 
ing agent. 

Example 77. Boiling-range of Blends. — A naphtha contains 18 per cent 
of material boiling to 200®F., and a natural gasoline, 70 per cent. If the 
two stocks are blended 20:80, t.c., 20 volumes of natural gasoline to 80 
volumes of naphtha, how much of the blend will distill at 200°? 
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Per Cent 

0.80 X 18 = 14.4 
0.20 X 70 = 14.0 
Material boiling to 200° =28.4 


An illustration of the graphical method is not justified, but the following 
equations will clarify the operation to be followed in a graphical solution. 

Per cent in blend, boiling to 200° = 18 + ‘^?ioof70 — 18) = 28.4 
or 

Per cent in blend, boiling to 200° = 70 — ®^Koo(70 — 18) = 28.4 


The vapor-pressure of blends can be estimated in much the 
same manner except that mol percentages rather than volume 
percentages must be used. The method is accurate when true 
vapor-pressures are used, but it is not exact when using the 
Reid vapor-pressure. 


Example 78. Vapor-pressure of Blends. —Naphtha and natural gasolino 
arc to be blended. The properties of the stocks are 


Stock 

Vapor- 

pressure 

A.P.I. 

Id), per 
gal. 

11 

Naphtha. 

6 

57 

6.25 

119 

Natural gasoline. 

18 

72 

5.79 

90 


What is the vapor-pressure 
Basis: 1 gal. of blend. 


of a 20:80 blend? 


mols 


iiiol per cent 


XT ^ 6.25 ^ nAO •JP K 

Naphtha..jjg = 0.042 76.5 

Nat. gasoline.~ 0.0129 23.5 

o7(m9 iWTo 

Partial vapor-pressure of naphtha. 0.765 X 6 = 4.6 

Partial vapor-pressure of nat. gasoline. . . 0.235 X 18 = 4.2 

Vapor-pressure of blend = 8.8 lb. per sq. in. 


The specific gravity (not A.P.I.) of blends is also proportional 
to the a'mount of each stock in the blend and the gravities of 
the stocks. The octane number of blends is not usually directly 
proportional to the amounts and octane numbers of the two 
stocks. If, however, the two stocks are very similar, as two 
natural gasolines or straight-run gasoline and natural gasoline, 
the octane number can be computed with fair accuracy. Poly- 
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merized, cracked, and certain special gasoline stocks, when 
used in blends, behave as if they have very high octane numbers. 

NATURAL-GASOLINE PLANT DESIGN AND OPERATION 

Although the design of natural-gasoline absorbers, strippers, 
and stabilizers (fractionators) is essentially the same as the 
design methods outlined in other chapters, the mechanism of 
handling these computations is facilitated because an exact 
analysis, showing the percentage of each hydrocarbon, is usually 
available. However, the computations are involved because so 
many components must be handled at the same time. 

Ilaoult\s law and Dalton’s law are the basis for most of these 
(computations. These laws are discussed in detail on pages 
227-229 and in Example 40. At high pressures Raoult’s 
law is not valid, and equilibrium constants must bo used. These 
constants are presented in Figs. 70-74 and are discussed on 
pages 230-232 and in Example 41. Computations of the 
equilibrium relations of complex mixtures succh as natural gasoline 
are involved because of the many components. These rela¬ 
tions arc discussed on pages 238-240 and Example 42. The 
fundamentals of fractionation, absorption, and stripping are 
discussed in Chap. XV. 

Absorbers and Strippers. —The performance of absorbers 
can be most easily understood by means of a mathematical study. ^ 
In an equilibrium plate the relation between the composition of 
the vapor leaving the plate and the liquid overflowing from the 
[date may be expressed as follows: 

Vn = Kxn (32) 

in which yn is the mol fraction of a particular component in the 
vapor leaving any plate or the nth plate; Xn is the mol fraction 
in the overflow liquid; and X is a constant that may be deter-^ 
mined from Figs. 70-74 or by Raoult’s law. 

By a material balance (Fig. 88) 

L{xn - Xn~i) = V{yn +1 - 2/«) * (96) 

in which L is the total mols of pure absorber oil; V is the total 
mols of dry gas; the subscript n — 1 refers to the plate above the 
nth plate; and n + 1 to the plate below. 

’ SovDERs and Brown, Ind. Eng. Chem.y 24, 519 (1932). 
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Substituting ^ for and for Jn-i, 

iVn 2/»+l Vn (97) 

The factor L/KV is commonly referred to as the absorption 
factor. 

Lot • 

A = -^y = absorption factor (98) 


Solving Eq. (97) for yn and substituting Eq. (98), 

2/n-i-i + Ayn-i 


l+A 


For a single-plate absorber: 


». - ’-tW’ (m 

in which yi is the mol fraction of the component in the gas that 
leaves the top plate of the absorber and ?yo is the mol fraction 
of the component in the gas that is in ec^uilibrium with the enter¬ 
ing oil (or the oil flowing from the hypothetical zero plate which 
is above the top plate). 

For a two-plate absorber: 

1 + ^ 

Substituting the value of 7/1 and solving for y^, 

„ - ya U + 1) 4- 
+ A + I 

For a three-plate absorber, 

_ v,(A^ + ^ + 1 ) + A^ya 

A^ A- A^ -\- A + \ 


U» - 1) 


j/4 + A^ya 


{A - 1) 

(d« - 1) 

A - I 

{A* - l)y, + - 1)^0 

- 1 
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For an absorber with n plates^ 

,, _ - 1) + - i)yo 

jin+l _ I 

and because 

2/n ~ KXfi 

_ Vn+ijA^^ - 1 ) + A^( A - l)yo 

~ K(A-+^ - 1) 

A material balance over the entire absorber gives 

Aiy„ - yo) = y„+i - yi 


( 101 ) 


( 102 ) 


(103) 


Solving Eq. (103) for y„ and setting it equal to «/„ from Eq. (104), 


2/1 = 2/»41 



(A^‘+^- A) 

+ 2/0 ,;+i ziy 


(104) 


in which 2/n+i is the mol fraction of the component in the entering 
rich gas or gas arising from the hypothetical plate beloW the 
bottom or n plate. 

This is a general statement of the absorption equation that 
was derived by Kremser,® although the formulation herein given 
was published by Brown.’' The equation may be arranged in a 
more convenient form thus: 

A - I - A 

An+i ^ 1 ^ ^n-fl _ I 


Rearranging Eq. (104), 


yi - Vn+l 

Vo - Vn+l 


or 


VnA^ i - yi ^ A^-^^ - A 
2/n+l - yo - 1 


(105) 


where {yn+i — 2/i) = actual change in composition of gas. 

(2/n+i — yo) = maximum change in composition of gas 
that would occur if an infinite number of 
plates were used or if the gas leaving the 
top of the absorber were in equilibrium with 
the lean oil. 

An equation for stripping can be derived in a similar manner: 


Xe — Xn ^ —_S 

Xe - Xn+1 ” 5’*+^ - 1 


( 106 ) 


* Nat. Petroleum News^ May 21, 1930, p. 43. 
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where Xn = mol fraction of component in liquid leaving stripper 
(lean). 

Xe = mol fraction of component in liquid entering stripper 
(rich). 


KV ^ 1 

X L/KV A' 


(107) 


If steam is used for stripping, as is the case in gasoline plant 
strippers, Xn+i = 0 and Eq. (100) reduces to 


Xe - Xn ^ - S 

Xe ~ -- 1 


(108) 


These two fundamental equations [Eqs. (105) and (lOO)] ai-o 
expressed graphically in Fig. 172. The figure may be used by 
determining the value of the factor (iyn+i — 2/i)/(.Vn-fi — t/o), 
or {xe — Xn)Jxe, and noting the value of A (or S), The quantity 
of absorption oil or steam may be obtained from A or S as 
explained in the following paragraph. 

Absorption and Stripping Factors. —The common method of 
expressing the amount of absorption oil is gallons of oil per 
thousand standard cubic feet of gas (()0®F., 14.7 lb.). With these 
units the absorption factor can be expressed as follows: 


L _ SAMdG 
KV KM 


or if Raoult^s law holds 


_ 3.156dGV 
PM 


(109) 


a 10) 


where d = sp. gr. of absorption oil. 

G = gal. of absorption oil per 1,000 cu. ft. of gas. 

K = equilibrium constant (Figs. 70-74). 

M = molecular weight of absorption oil. 

P = vapor-pressure of component, lb. per sq. in. abs. 

TT = total pressure in absorption tower, lb. per sq. in. abs. 
The stripping factor may be expressed in a similar manner. 




KWM 

150d 


or 


PWM 

150rfjr 


( 111 ) 


in which W is the pounds of steam per gallon of oil. 

In determming the oil-to-gas ratio for an absorber, it is 
necessary to decide how much of a certain low-boiling com- 
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ponent (usually butane) can be allowed in the final gasoline 
and to compute the absorption factor and the oil circulation for 
this component. The other components will also be absorbed 
and to varying extents, depending ui)oii their vapor-pressures or 
equilibrium constants. The amount of absorption is inversely 
proportional to the vapor-pressure [Eqs. (109) and (110)], Thus 
the absorption factor is different for each component even 
though the oil circulation is the same for all. For several 
components, i.e., 1, 2, 3, etc., 

Ai:A2'.Az = ( 112 ) 

After the A for the governing or key component is determined, 
the values of A and the amount of absorption of each of the other 
components can be obtained from Eq. (112). The reverse is true 
of stripping; t.e., the amount of stripping is directly propor¬ 
tional to the vapor-pressure of the component in question. For 
an absorption factor of 1 (A = 1) for noraial butane, the factors 
for other components in a low-pressure absorber are about as 
follows:® 

Component Absorption Factor A 

CjHs. 0.25 of factor for butane 

iC 4 H 1(1 . 0.67 of factor for butane 

C 4 H 10 . 1.0 of factor for butane 

t'CoHia. 2.67 of factor for butane 

This relation is only approximate because it varies with 
temperature. 

The full significance of the factor {yn+i — 2/0/ iVn+i — 2/o) in 
Fig. 172 is frequently overlooked. The expression t/n+i ~ 2/i 
nearly equal to the amount of component that is removed from 
the gas; f.c., it is the difference between the concentration in the 
incoming and outgoing gas.® The expression in the denominator, 
2/n+i — ^ 0 , represents the maximum amount of component that 
could be removed if the outgoing gas were in equilibrium with the 
incoming lean oil. If the absorption oil contains none of the 
component under consideration, i.e., Xo = 0 (therefore 2/0 = 0), 

® It is not exactly equal to the amount of component removed because the 
total number of mols of gas changes as it passes through the absorber 
(Example 28, page 191). If the compositions were given as mols of com¬ 
ponent per mol of dr>’' gas, then the expression would exactly represent the 
mols of component removed per mol of dry gas. 
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the factor {yn+i — 2/i)/(2/n+i — yo)100 is nearly® equal to the 
percentage recovery of the component in the absorber. For 
practical purposes, it may be considered as the fraction of the 
component that is absorbed. Likewise, (jg — X()/Xe is nearly® 
" equal to the fraction of the component that is removed from the 
oil by the stripper. Thus if we desire to absorb 99 per cent of the 
isopentane from a gas, the value of (i/n+i — 2/i)/(2/n-fi — 2 / 0 ) is 
nearly 0.99, if the lean oil contains no isopentane. Or if we wish 
to strip 99 per (^ent of a component from the oil with steam, the 



Absorption Foictor A or Stripping FoictorS 

Fig. 172. —Relation of numlxjr of equilibrium plates to absorption and stripping 
factors, K,Dr. G. G. Brown and Ind. Eng. Chem.) 

value of (Xe — x^jxe is nearly 0.99. The application of Fig. 172 
to the design or analysis of an absorber is by no means as com¬ 
plicated as the mathematical derivation herein presented. The 
use of Fig. 172 can be most ably presented by means of the exam- 
♦ples which follow this discussion. 

An examination of Fig. 172 shows the relation between the 
absorption factor and the percentage of component that is 
absorbed. Consider the line for five theoretical plates (Fig. 172). 
This line approaches the line for infinite plates as the absorp¬ 
tion factor is decreased, until at 50 per cent absorption, or 
(yn+i - 2/i)/(2/»+i - yo), the value of A is nearly 0.5 (about 
0.505). In other words, at low^ percentages absorbed, the per¬ 
centage absorption and the absorption factor are numerically the 
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same. The number of plates that are used also affect the location 
of the point at wliich A is substantially equal to the percentage 
absorbed. Likewise the number of plates is related to the absorp¬ 
tion factor that must be used to absorb substantially all of a 
component. These relations are somewhat as follows: 


No. of 
theoretical 
plates 

Fraction below which the 
absorption factor and the 
fraction absorbed are equal* 

Absorption factor* required 
to absorb about 99% of a 
component 

1 

2 

0.1 


3 

0.3 


4 

0.4 

3.0 

5 

0.5 

2.2 

6 

0.55 

1.9 

8 

0.6 

1.5 

12 

0.7 

1.3 

16 

1 

0.8 

1.2 


♦ Approximate. 


The optimum value of the absorption factor A for any par¬ 
ticular plant is primarily a function of the value of gasoline and 
the cost of recirculating oil. The absorption factor (or oil 
recirculation) increases rapidly as large percentages of the key 
component are absorbed. In most situations the economical 
amount of key component to absorb is between 90 and 95 per 
cent^® rather than the 99 per cent value that is so frequently 
employed. The economical recovery of key component may 
be as low as 60 to 70 per cent if the price of gasoline is low, if 
the cost of oil recirculation exceeds about 4 cts., or in small 
refinery installations. 

Example 79. Oil Rate for Low-pressure Absorber. —A 26-70 grade of 
finished gasoline is to be produced from a gas of the following composition: 


Component 
C,H8. 

tCiHio... 
C4H10... 
iCfiHi,... 

C6H12 +. 


Volume 
Per Cent 
. 7.15 
. 1.39 
. 2.55 
. 1.34 
. 1.98 


Nelson, W. L., Economy in Natural Gasoline Plant Operation, Ref. 
Nat, Gaso. A//r., May, 1936, p. 167. 
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The absorber is to operate at 90°F. and at a pressure of 50 lb. per sq. in. abs. 
The absorption oil has a specific gravity of 0.83 and a molecular weight of 
160. The oil is completely stripped of isopentane, but it contains 0.0005 mol 
fraction of pentane plus. The absorber has 16 actual plates. 

How much oil should be recirculated, and what will be the approximate 
composition of the raw gasoline? 

A 26-70 grade of gasoline will contain about 33 per cent butanes and 
lighter. If 99 per cent of the isopentane is absorbed, enough butanes will 
be absorbed to provide the 33 per cent that is required in the finished gaso¬ 
line (Fig. 170). 

Considering isopentane (key component), 


yi -■ mol fraction in residue gas 


0.01 X 0.0134 


(1 - 0.0134) 4- 0.01 X 0.0134 
Vn^i ~ vx ^ 0.0134 - 0.000136 
yn+\ “ 2/0 0.0134 - 0 


= 0.000136 


0.9898 


For practical calculations it is customary to use the value of 


(2/«.fi - 2/i)/(2/«+i - 2/o) 


as the percentage absorbed, or in this case 99 per cent. 

If the plate efficiency is 50 per cent, the column will behave as if it con¬ 
sisted of eight theoretical plates. The absorption factor, to recover 99 per 
cent of a component, when eight plates are used, is about 1.5 (Fig. 172). The 
equilibrium constant for isopentane at 90‘"P\ and 50 lb. is about 0.37 (Fig. 73). 


Gal. oil per 1,000 


AKM 

3.156d 


1.5 X 0.37 X 160 
3.156 X 0.83 


The equilibrium constant for butane is about 0.9 (Fig. 72), and hence 
the absorption factor for butane is 

= 1.5^ = 0.615 


Component 

Mol 

fraction 

1 

Gal. 

per 

1,000 

cu. 

ft. 

Equi. 
constant 
at 90° 
and 

50 lb. 

Absorp¬ 

tion 

factor 

Percentage 
of each 
component 
that is 
absorbed 
(Fig. 172) 

Gal. 

absorbed 
per 1,000 
cu. ft. 

Percentage 
compoeition 
of raw 
gasoline 

CtHs. 

0.0715 

1.9 

2.8 

0.2 

20 

0.38 

16.35 

»-C4H 10. 

0.0139 

0.45 

1.2 

0.46 

46 

0.206 

9.0 

C 4 H 10 . 

0.0255 

0.8 

0.9 

0.615 

61 

1 0.488 

21.0 

i~0(Sis. 

0.0134 

0.5 

0.37 

1.5 

99 

1 

0.495 

21.35 

CbHis plus. 

0.0198 

0.76 

0.24 

2.3 

100 

0.75 

32.3 








2.319 

100.00 
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and the absorption of butane (Fig. 172) is about 61 per cent. The gallons 
of butane absorbed per 1,000 cu. ft. are 

0.0255 X 31.4 X 0.61 = 0.488 

All of the components were studied in the same manner, as shown in the 
table on page 563, 

The analysis of the raw gasoline is not exact because some of the propane 
and butanes will be lost in the stripper and a little ethane (neglected) will 
be present in the raw gasoline. 

The approximate analysis of the finished .stable gasoline can be estimated 
as follows: 

Gal. of pentanes and heavier.0.495 + 0.75 = 1.245 

0 

Gal. of butanes.1.245 X = 0.613 

O.o7 

Excess butanes.(0.206 -f* 0.488) — 0.613 = 0.081 gal. 


Analysis of Stable Gasoline 


Component 

Gal. 

Percentage, 
liq. vol. 

Butanes. 

0.613 

33.0 

Isopentane. 

0.495 

26.6 

Pentanes+ . 

0.75 

40.4 


Recovery of 26—70 gasoline. 

1.858 

100.0 • 



Gasoline strippers or stills are primarily fractionators, and 
hence the methods of design are chiefly those given in Chap. 
XXIII. For this reason, no illustration of stripping tower 
calculations will be given, but in general the methods employed 
are the same as those outlined in Example 79. 

High-pressure Absorbers. —High-pressure absorbing equip¬ 
ment is being more and more wddely used. The reasons for this 
trend are as follows: (1) The amount of absorption oil is decreased, 
and (2) the capacity of the absorber column is increased. How¬ 
ever, these two savings must pay for the additional cost of com-' 
pression and for the extra cost of the high-pressure equipment. 

The effect of pressure on the oil recirculation can be illustrated 
by a study of the absorption equation [Eq. (109) or (110)]. 
Raoult^s law is not greatly inaccurate up to pressures of 80 lb. 
abs., and hence changes in X or P are eliminated if Raoult’s law is 
assumed to be valid. This leaves only two variables in Eq. (110),, 
the pressure and the oil recirculation. For a given absorption oil, 
a fixed number of plates, a constant temperature, and a fixed 
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recovery (or value of A), the relation of oil recirculation to pres¬ 
sure is an inverse function. 

Thus the recirculation at 80 lb. in terms of the recirculation at 
35 lb. is approximately 

Gho = ^HoGu = 0.437G85 

At higher pressures the foregoing does not hold because two 
factors are variables [Eq. (109)]. The oil recirculation is directly 
proportional to A", but K is dependent on prevssure. As an 
example, the values of K at 35 and 500 lb., for pentane, are about 
0.3 (at 85°F.) and 0.07 (at 95®F.) respectively. Thus if 50 gnl. 
is required at 35 lb., only 11.2 gal. is requirc'd at 500 lb.—and 
^ only 3.5 gal. would be required if Raoiilt\s law is assumed to be 
valid. 

It will be noted that a higher absorption temperature was used 
at 500 than at 35 lb. So much gasoline is absorbed in a small 
amount of oil, in the 500-lb. absorber, that the latent h(‘at of 
(condensation becomes an important factor and raises the oil 
temperature. In ordinary absorbers little or no rise in oil tem¬ 
peratures occurs; but in high-pressure absorbers or when a very 
rich gas is absorbed at a low pressure, the temperature rise 
amounts to 10 to 20°F. 

In designing high-pressure columns only one major difference 
arises. The computation is conducted as in Example 79 except 
that some gasoline is condensed during compression to the high 
pressure. Equation (35) (page 240) can be used to determine the 
amount condensed, and the method of computation is much the 
same as given in Example 42. 

Example 80. Condensation during Compression.—A lean natural gas 
is to be compressed from 30 to 500 lb. per sq. in. abs. and cooled to 80°F. 
before it enters the absorber. The analysis of the gas is 


CH 4 . 78.8 

G 2 II 6 . 6.5 

C 3 H 8 . 6.2 

tC4Hio. 1.4 

C 4 H 10 . 2.3 

tCfiHia. 1.6 

CftHi2 4’. 3.2 


What is the final composition of the gas and condensate and the amount 
of condensate? 
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Basis: 100 mols or volumes of gas. 

Equation (35) must be solved by trial and error because V (or C) is not 
known until the computation is complete. 

A value of V is assumed; C is found from V; and Eq. (35) is filled in. The 
solution of the equation gives the actual V ; and if it is not the same as the 
assumed value, a new assumption must be made. 

As an example, the values for methane in the table will be computed: 

Assume V = 96, then C = (100 — V) or 4. 


C 

F 


j4 

98 


= 0.0416 


K\ for CH 4 at 80° aiul 500 lb. (Table 32) is 6.5. 


A'lGi = 6.5 X 78.8 = 512.2 
^ + K, = 0.0416 + 6.5 = 6.542 

= 78.29 volumes of CH. uncondenscd 

y +Ai 

The other hydrocarbons were computed in a similar manner as shov 
in Table 90. Upon totaling the volumes of each of the hydrocarbons, 
column ( 6 ), the total is 96.02 rather than 96 as assumed. A second solution 


Table 90.— Trial-and-error Solution for Example 80 


(1) 

Component 

(2) 

Values 
of (?, 
inols 

(3) 1 

Values of K 
at 500 lb. 
and at 
80°F. 

(4) 

KXG, 
(2) X 
(3) 

Assume V = 96, 

~ = 0.0416 

(7) 

Mols 

gaso. 

(2)- 

(6) 

(5) 

^ + K 

(6) 

Values 
of V, 
(4) ^ 
(5) 

CH 4 . 

78.8 

6.5 

512.2 

6.542 

78.29 

0.51 

CjHf,. 

6.5 

1.2 

7.8 

1.242 

6.27 

0.23 

C,Hs . 

6.2 

0.46 

2.85 

0.502 

5.68 

0.52 

tCJlio . 

1.4 

0.22 

0.31 

0.262 

1.18 

0.22 

CJUo . 

2.3 

0.16 

0.368 

0.202 

1.82 

0.48 

iC,Ui2 . 

1.6 

0.071 

0.114 

0.113 

1.01 

0.59 

CsHia-f- . 

3.2 

0.052 

0.166 

0.094 

1.77 

1.43 

Total. 





96.02 

3.98 

1 








would have been necessary had the sum been in error by more than about 
0.1 per cent. 
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^The compositions of the residue gas and the condensate are as follows: 


Component 

Mols, or volume per cent 

Residue gas 

Condensate gasoline 

CIb . 

81.53 

12.80 

C^Hr. . 

6.53 

5.78 

CaHs.. 

5.91 

13.08 

iC4Hio . 

1.23 

5.53 

C4H,« . 

1.91 

12.06 

tCysHn . 

1.05 

14.82 

CaHia-f . 

1.84 

35.93 


The residue gas, as shown above, is the material that would be processed 
in a 500-lb. absorber. 

Construction of Absorbers and Strippers. —The diameter of 
an absorber can bo determined by the methods outlined in 
Chap. XXIIT. The linear velocities that are used are usually 
lower than for other bubble-towers. There are several reasons 
for the low velocity: 

1. The temperature is low (increases density). 

2. The trays are usually closely spaced. 

3. Entrainment is kept at a minimum. 

4. The pressure is relatively high (increases density). 

6. The oil rate is high. 

The most important of these, in reducing the velocity, is 
probably the high oil rate. Kallam and Steward report that 
the allowable velocity for low-pressure absorbers decreases with 
the oil-to-gas ratio approximately as follows: 

Oil-to-gas Ratio, 


. per 1,000 

Velocity, Ft. per Sec. 

10 

1.0 

20 

0.9 

50 

0.7 

100 

0.5 

500 

0.2 

1,000 

0.12 


They do not state if different towers were used or if the down¬ 
spouts were increased in size to care for the additional oil 
circulation. 

“ Ref. Nat. Gaso. Mfr.j November, 1929, p. 62. 
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The details of tray design, tray spacing, etc., were discussed in 
Chap. XXIII. 

Stabilizer Design. —No entirely satisfactory methods of 
determining the number of plates to use in a stabilizer or frac¬ 
tionator are available. All involve trial-and-crror computations; 
and if the inadequacy of the equilibrium constants is considered, 
perhaps all that is justified in the way of computations is the 
use of the infinite reflux fractionating equation [Eq. (83), page 
498]. A comparison of the computed analyses of an overhead 
distillate^'-^ by actual reflux and by assuming infinite reflux shows: 


Component 

Experimental 

Actual reflux 

Infinite reflux 

CH4 

2.58 

2.56 

2.58 

CaHe 

13.35 

13.34 

13.68 

CaHg 

78.20 

78.46 

79.20 

tC 4 Hl 0 

5.27 

5.45 

4.40 

C4H10 ! 

0.35 

0.19 

0.14 

tCaHn 

0.25* 

trace 

trace 


* Probably an error in analysia. 


The method of determining the number of plates is discussed 
in Chap. XXIIL 

Stabilizers are built with a large number of trays (often more 
than 30) and for high reflux rates (often a reflux ratio of more than 
8:1). If designed in this manner, the unit will be flexible enough 
to take care of almost any condition that may arise. In fact, a 
stabilizer is frequently operated for the production of several 
gasolines of greatl}’^ different vapor-pressures, and hence a flexible 
unit is exactly what is needed. 

The pressure at which a stabilizer should operate can be esti¬ 
mated by trial and error. The partial-vapor-pressure of a com¬ 
ponent in the liquid reflux is equal to the partial-pressure of that 
component in the outgoing gas: 

y - Kx (32) 

The gas composition can be computed by a material balance 
involving the feed and the desired stable gasoline. When 
the proper pressure is assumed, the values of the K's in Eq. (32) 

Nblson, W. L., Nat. Gaso. Stabilizer Fractionation, Oil Gets J., Oct. 20, 
1038, p. 59. 
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■nil be such that the sum of the mol fractions in the liquid (Z^s) 
rwill be equal to 1.0. Example 81 illustrates this calculation. 

Example 81. stabilizer Pressure and Composition of Reflux. A raw 

gasoline has the following composition: 

CHi. 0.03 iC4Hio. 9.38 

C 2 H 6 . 2.27 C 4 H 10 . 23.33 

CiHg. 17.29 iaHi3 +. 47.77 

A 26-70 grade of gasoline is to be produced. The temperature of the 

cooling water is 83°F., and hence the condenser temperature will be about 
90°F. What is the approximate fractionator pressure? 

A 26-70 grade of gasoline contains about 30 per cent butane. The mols 
and mol fractions of the components in the residue gas are about as follows: 


Component 

Moles 

Approximate mol per cent in 
residue gas 

CH4. 

0.03 

0.09 

C^Hs. 

2.27 

7.1 

CaHg. 

17.29 

64.21 

i and n C4H10 . 

12.3* 

38.6 

1 

Total. 

31.89 

100.0 


♦ t and n CJIio = (9.38 -f 23.33) - (17.7 X 


y = KXj for each component. If the proper pressure is used, the sum of 
the a;’s is equal to 1 (Figs. 70-74 and Tables 32, 33). 


(1) 

Component 

(2) 

Vapor 

V 

Assume 150 lb. 

Assume 

100 lb. 

Assume 65 lb. 

(3) 

K 

at 90° 

(4) 

(2) H- 

(3) 

(5) 

K 

at 90° 

(6) 

(2) 4- 

(5) 

(7) 

K 

at 90° 

(8) 

(2) + 
(7) 

CH 4 . 

0.0009 

20 

0.00004 

30 




CgHg. 

0.071 

3.5 

0.202 

5 

0.142 

8 

0.087 

CgHg. 

0.5421 

1.1 

0.492 

1.5 

0.361 

1.9 

0.285 

^4Hio . 

0.386 

0.38 

1.015 

0.5 

0.773 

0.65 ! 

0.594 

Total. 

1 


1.709 


1.276 


0.966 


The final assumption can be more easily estimated by interpolating or 
extrapolating than by reading new values of Kj because the charts cannot 
be read accurately. 

1 — in 

Pressure » 100 - ^ 27 ^-!) ' ^ 
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The pressure is greatly increased if the condenser temperature is 100 
rather than 90®. 

The composition of the reflux, as mol percentage, is given in column (8^ 
of the tabulation. 

The bottom temperature can be computed in a manner similar 
to that used in Example 81. For this situation, however, the 
sum of the partial-vapor-pressures (atmospheres) or Kx^s should 
be equal to 1.0. The temperature is varied until the Kx's 
are such that the sum is equal to 1.0. In fact, the same general 
type of computation may be used at many points such as the 
gas separator vessel, the top plate, or the feed plate and may 
even be used in working from plate to plate throughout the tower 
to determine the number of plates that are required. At many 
points in the tower, however, the method is very complicated, 
because reflux constitutes a part of the material at the plate. 
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CHAPTER XXVI 

CHEMICAL AND CLAY TREATMENT 

AVith few exceptions all petroleum products must be chemically 
treated in some manner in producing finished market products. 
The impurities that must be removed are usually present in the 
crude oil, but some are also produced during the refining opera¬ 
tions of distillation, cracking, etc. Some of the purposes of 
chemical treatment are as follows: 

1. To improve the color. 

2. To remove sulfur. 

3. To improve the odor. 

4. To remove gumlike, resinous, and asphaltic substances. 

5. To improve the stability upon exposure to air or light. 

6. To eliminate corrosive materials, 

7. To change properties of the oil, such as the Viscosity Index, carbon 
residue, etc. 

8. To produce a more salable and desirable market product. 

Most stocks do not need to be improved in all of these respects, 
but some stocks, such as pressure-still distillate that is produced 
from sulfur-bearing crude oil, must be treated for many of the 
aforementioned purposes. 

Although many chemicals are used for refining, sulfuric acid 
has in the past been the most useful and generally used chemical. 
Sulfuric acid treatment improves the color, removes sulfur, 
reduces the gum content, improves the stability of light distil¬ 
lates, and to some extent improves the odor. It is also used 
to improve the color of lubricating oils and sometimes wax. 
For ‘‘sour^^ sulfur-bearing lij^t distillates, the doctor treatment 
must be used. This treatmwt consists of agitating the oil with 
a little sulfur and an alkaline solution of sodium plumbite. The 
odoriferous mercaptans, hydrogen sulfide and elementary sulfur, 
are removed or converted into less harmful forms. A newer 
treatment for somewhat the same purpose is the hypochlorite 
process, in which the oil is agitated with an alkaline solution of 
sodium or calcium hypochlorite. Solutions of sodium hydroxide 
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are generally used after acid treatment to neutralize the excess 
acid and to remove sulfonic acids and other organic acids, as tho 
sodium salts. Used alone, it removes hydrogen sulfide and to 
some extent the mercaptans or thioalcohols. Sodium hydroxide, 
when used to neutralize acid-treated lubricating oils, often gives 
troublesome emulsions, and hence neutralizing clays and ammonia 
are being more widely used for this purpose. The color of 
lubricating oils is improved by percolation through adsorbent 
clays or by contacting the oil, after acid treatment, with clay at a 
high temperature. In addition to these, there are many other 
processes such as the clay vapor-phase processes for cracked gaso¬ 
line; the Solutizer, copper chloride, and catalytic desulfurization 
treatments for light distillates; and theEdeleanu solvent process. 
Since 1933 there has been a widespread development of solvent 
treating or extraction processes. In general, these processes aim 
to separate the high- and low-viscosity-index lubricating oil 
hydrocarbons by selective absorption. These will be discussed in 
Chap. XXVII. 

SULFURIC ACID TREATMENT 

Sulfuric acid has been used since the first days of the oil 
industry, and even before that, for treating coal oil. No single 
substitute for acid has been found, but a number of new methods 
have been encroaching on the use of acid. 

The action of sulfuric acid on the several series of hydrocarbons 
is different for each series. The paraffins and naphthenes^ are 
only slightly attacked by 93 per cent acid (66 B6.) at room 
temperature. At higher temperatures and at higher concentra¬ 
tions of acid they are attacjked, and particularly those isomers 
which have several side-chains. Inasmuch as straight-run gaso¬ 
lines are composed largely of paraffin and naphthene hydro¬ 
carbons, sulfuric acid is an excellent treating agent for them 
if any treatment is necessary. The aromatic hydrocarbons, such 
as benzene and its homologues, are only slightly attacked by 
93 per cent acid but toluene and xylene are more readily attacked 
than benzene. The aromatic hydrocarbons cause lamp oils to 
bum with a smoky flame. For the removal of aromatics, 93 
per cent and higher strengths of acid are useful and sometimes 
even fuming acid is necessary. Liquid sulfur dioxide is even more 
suitable for extracting aromatics. 
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The unsaturated hydrocarbons, such as the olefins, diolefins, 
and acetylenes, are readily attacked by sulfuric acid even at 
strengths as low as 75 per cent. The olefins tend to polymerize 
to di- or higher polymers, some of which ^ are highly resistant to 
further action by the acid. Cracked gasoline contains olefins in 
considerable quantity, and their polymerization may account 
in part for the increase in end-point during acid treatment. High 
temperatures and high concentrations of acid favor polymeriza¬ 
tion, and low temperatures and low concentrations favor the 
formation of alkyl acid sulfates, neutral esters, and secondary 
and tertiary alcohols. The higher alcohols and dipolymers and 
to some extent the acid alkyl sulfates dissolve in the distillate, and 
upon redistillation the acid alkyl sulfates decompose, yielding 
alcohols, sulfur dioxide, etc., and cause trouble vvitli the color, 
stabiUty, and gum content of the gasoline. The acid alkyl 
sulfates are dissolved by a caustic wash, after acid treatment, 
but the neutral esters are not, and at temperatun^s above 285°P\ 
they decompose. Diolefins cause the formation of tars, a loss 
in color, and the formation of '^gum^' during storage.^ 

Sulfuric acid also removes resinous or asphaltic substances 
that may be present due to poor fractionation, entrainment, or a 
small amount of cracking. These materials tend to inhibit the 
crystallization of wax, and hence acid treatment often raises the 
pour-point. Oxygen compounds, such as naphthenic acids and 
ketones, and substances such as alcohols and aldehydes that arc 
formed by high-temperature oxidation are dissolved by sulfuric 
acid, but when diluted with oil their removal is never complete. 
Nitrogen bases similar to quinoline or pyridine, which are pro¬ 
duced in small quantities during distillation, are easily dissolved 
in dilute acid. 

Many sulfur compounds are present in petroleum, but not 
many of them have been isolated or studied. The action on 
mercaptans will serve as an illustration of the action of acid: 

RSH + H2SO4 = RS—SO3H + H2O 
RSH + RS--SO3H = (RS)2S02 + H2O 
(RS)2S02 = R2S2 + SO2 

The final disulfide products are partly dissolved in the acid sludge. 
Strong acid (93 per cent or stronger) is necessary to remove 
1 Brooks and Humphrbt, /. Am. Chem. Soc., 40, 822 (1918). 
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mercaptans, but such large quantities of acid are required that 
“sweetening^' is seldom practiced in this manner. Alkyl sulfides, 
disulfides and sulfates, and most sulfur compounds are removed 
by 93 per cent or stronger acid, but the acid alkyl sulfates dissolve 
to some extent in the oil. 

The rate^ of action of sulfuric acid on the various impurities 
appears to be somewhat as follows: (1) nitrogen compounds 
such as amines, amides, and amino acids; (2) asphaltic substances; 
(3) olefins; (4) aromatics; and (5) naphthenic acids. 

The loss in octane number of gasoline is not large for normal 
quantities of acid. Born and Wilson® have studied three pressure 
distillates by treating under conditions comparable to those used 
in the respective plants from which the distillates were obtained. 
Table 91 gives their results. Wirth, Kanhofer, and Murphy^ 
present similar data except that the total loss in octane number 
was divided into the loss due to (1) evaporation and loss of light 


Table 91,— Effect of Acid Treatment on Octane Number 



Octane Nos.* for 

Lb. acid per 
bbl. 

Distillate A 

Distillate B 

Distillate C 


66°B6. 

02.5''B<5. 

66°B6. 

62.5“B4. 

eo^Ba. 

0 

70.0 

70.0 

68.5 

68.5 

67.4 

1 i 

68.9 

69.0 

67.3 

67.4 

66.1 

2 

68.2 

68.3 

66.6 

66.8 

65.7 

3 

67.7 

67.8 

66.2 

66.4 

65.1 

5 1 

67.1 

67.3 

65.8 

65.9 

64.7 


* 30-B Ethyl engine, 212®F. jacket temperature, 15-deg. spark advance. 


hydrocarbons during steam distillation, (2) polymerization and 
solution during treatment, and (3) heavy hydrocarbons remaining 
as a residue upon distillation. The first of these gave losses in 
the octane number of 0 to 2; the second gave losses of 1 to 2.5; 
and the third was negative, or the octane number increased by 
0 to 1 owing to the elimination of heavy ends. Their results are 
comparable with those given in Table 91. 

* PthXla, E., Petroleum, 9, 1506 (1928). 

• Nat. Petroleum News, Apr. 5, 1933, p. 23. 

. * Control of Color . . . TVeating, Ref. Nat. Gaso. Mfr., December. 1930, 
p. 89. 
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Concentration of Acid. —Sixty-six Baum6^ or 93 per cent acid 
finds the most general use. However, for treating light dis¬ 
tillates to color only, a more dilute acid may be advantageous.® 
For most other purposes, such as removing combined sulfur, 
' improving the burning qualities of kerosene, and removing tar 
from lubricating oils, a 93 per cent or stronger acid should be 
used. For lubricating oil, 98 per cent acid is also widely used. 

The loss of oil to sludge increases as high concentrations of 
acid are used so that in general the most dilute acid that is suit¬ 
able should be used. The following data by Potthoff® indicate 
for pressure distillate the larger sludge loss and the total loss 
(sludge and polymerization) that occur by using strong acid: 


Lb. acid per 
bbl. 

Sludge loss 

Total loss 

60° acid 

00° acid 

66° a(ud 

60° a(Md 

5 

1.8 

1.6 

2.8 

2.2 

10 

3.5 

2.7 

5.3 

3.9 

20 

8.0 

4.7 

11.3 

6.3 


Weir, Houghton, and Majewski^ have conducted experiments 
with a light lubricating oil stock (289 viscosity at 100°F.) that 
show the following effect of acid strength: 


Lb. acid per 


Sludge loss with these strengths of acid 


UOl. 

75% 

86% 

93% 

98% 

6.25 

0.7 

0.92 

1.75 

2.35 

12.5 

1.1 

1.6 

2.3 

3.1 

31.3 

1.3 

1.95 

3.1 

4.15 


Thus with small amounts of acid, such as those customarily 
used in treating distillates, the sludge losses are small; and 


Kalichbvsky and Stagner, ^‘Chemical Refining of Petroleum,” p. 51, 
Chemical Catalog Company, Inc., New York, 1933. 

• Purification of Pressure Distillate, Oil Gas J., Mar. 5, 1931, p. 141. 

^ Control of Color . . . Treating, Ref. Nat. Gaso. Mfr.^ December, 1930, 
p. 89. 
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although the loss increases with the strength of acid, it is of 
such a magnitude that the effect of acid concentration may bo 
almost neglected. However, for quantities of acid exceeding 
10 lb. per barrel, the loss caused by using strong acid begins to be 
important. The exact strength that should be used depends 
entirely upon the impurities that must be removed, the types of 
hydrocarbons found in the oil, and the final color that is desired. 
Strong acid (93 to 103 per cent), when used at relatively low 
temperatures, is effective in removing combined sulfur and 
aromatic hydrocarbons from burning-oils (and transformer oils), 
but in general the color of the product, when fuming acid is used, 
is not good because oxidation of some of the less stable compounds 
occurs. 

Cooke and Hayford* report the following effect of acid strength 
on the removal of sulfur from pressure distillate by the Stratford 
contactor centrifuge process. 


Strength of Acid, 
Per Cent 
80 
93 
95 
98 
100 
104 


Per Cent Sulfur 
in Treated Distillate 
0.2 
0.17 
0.13 
0.09 
0.075 
0.07 


For improvement of color, an acid of 93 per cent strength is 
recommended; but if the combined sulfur is low, an acid of only 
85 per cent strength may be advantageous. Weak acid is also 
useful in removing nitrogen bases and for improving the color 
without removing unsaturated compounds. The concentration 
of acid that is most suitable for a particular stock can be ascer¬ 
tained only by laboratory and plant-scale experiments. 

Quantity of Acid.— Enough acid must be used to improve the 
color and remove impurities, but an excess over this amount 
may result in a poorer color and a loss of aromatic and unsatu¬ 
rated hydrocarbons as well as a waste of acid. If acid is applied 
to lubricating oils in too large doses, the oil may be discolored by 
“burning/^ The remedy is to use the acid in small charges and 
keep the oil cool. The treatment of spray oils, medicinal oils, 
and sometimes wax is accomplished by adding fuming acid in 

• Distillate Treating, Part II, Ref, Not, G<iso. Mfr., April, 1934, p. 130. 
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25 or 30 lb. per barrel charges and using as much, in some cases, 
as 200 lb. of acid per barrel. 

The quantity of acid that is commonly used is about as 
follows: 


Natural gasoline—Usually none but occasionally 2 lb. per barrel. 

Straight-run gasoline—Usually none but may require 5 lb. per barrel for 
sulfur removal. 

Pressure distillate—To improve the color, normally 1 to 4 lb. per barrel. 
For high-sulfur oils and oils from naphthene-base crude oils the quan¬ 
tity may be much more. Some distillates cannot be economically 
desulfurized with acid. 

Solvents—0 to 5 lb. per barrel. High-sulfur stocks are seldom used in 
solvent manufacture. 

Kerosene—1 to 15 lb. but as much as 75 lb. per barrel for the kerosene from 
some naphthene-base crude oils. 

Lubricating oils—0 to 60 lb. per barrel. Pennsylvanian oils usually require 
no acid treatnfent; mixed-base oils more; and asphalt-base oils the 
higher figure. Vacuum-distilled stocks require less acid than residual 
stocks. The acid required for lubricating oils is intimately connected 
with the amount of percolation or contacting that is practiced. 

• 

Cooke and Hayford^ find that the desulfurization is directly 
proportional to the amount of acid that is used. 


Amount of Acid, 

98 Per Cent, Lb. per Bbl. 
5 
8 
11 
14 


Per Cent Sulfur 
in Treated Distillate 
0.165 
0.142 
0.117 
0.095 


Temperature of Treatment.—^The temperature at which the 
treatment is conducted is one of the most important factors. 
Although the temperature for a particular stock should be deter¬ 
mined by experiment, the following considerations are useful as a 
guide: 

Polymerization losses are greater at higher temperatures, so 
that unless polymerization is desired, as in rare cases when the 
sludge is to be utilized, lower temperatures are desirable. 

High temperatures favor the removal of aromatic and unsatu¬ 
rated hydrocarbons and of resinous asphaltic materials. Thus 
naphthenic kerosenes and solvents are usually refined at a 
relatively high temperature unless the removal of sulfur is also 
necessary. 
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Lower temperatures produce a better color in the product and 
are favorable for the removal of sulfur compounds. Sludge 
losses are slightly higher at lower temperatures; but as the 
quantity of acid that is required is also less, the actual sludge 
loss is not greatly affected. In treating lubricating oils at low 
temperatures the viscosity of the oil may be so great that settling 
is slow and the separation is imperfect. This results in too long 
a contact time and a loss in color, and hence lubricating oils are 
usually treated at relatively high temperatures. Table 92 
illustrates the effect of temperature on color when a kerosene 
stock is treated with 17.5 lb. of acid per barrel (99 per cent 
acid).® 

Table 92.— I>fect of Temperature on Color 


Temperature, 
deg. F. 

Acid sludge, 

g. per 1. 

Arbitrary color 
scale, mm. 

32 

Cl.6 

193.0 

41 

62.0 

166.5 

50 

62.5 

143.0 

59 

63.5 

112.5 

68 

64.3 

89.5 

77 

64.8 

80.5 

86 

65.2 

52.0 

95 

65.8 

Yellow 

104 

66.0 

Yellow 

113 

66.4 

Yellow 

122 

67.0 

Yellow 


The effect of the temperature of treating upon sulfur removal^ 
is illustrated by Table 93. The cracked-gasoline stock contained 
0.39 per cent sulfur, and 90 per cent of the treated material was 
distilled with steam. 

The temperatures that are commonly used for various treating 
operations are as follows: 

Straight-run gasoline —70 to 90°F. If large quantities of acid 
are required, it maj^ be practical to go to lower temperatures. 

Cracked gasoline —60 to 90®F. If heavy treats are required, 
temperatures of 25 to 30®F. are recommended, although tempera¬ 
tures of 40 to 50® may be more economical® (Table 93). 

• Zaloziecki, R., Chem. Ztg., 875, 1895. 

Standard Oil of California, Brazilian Pat. 5,667 (Jan. 23, 1929) and 
other patents. 
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Kerosene —90 to 130®F. If the oil is to be redistilled, a higher 
temperature ma}'^ be economical. Robinson" finds that low 
temperatures are better. 


Table 93.—Effect of Temperature on Sulfur Removal* 


Acid 

strengtii, 
per cent 
H,S04 

Treating 
temp., deg. F. 

H2SO4, 
net Ih. 
per bbl. 

I.«oss to 
sludge, 
per cent 

Engler 
dist. of 
neutral 
oil to 
400°F., 
per cent 

Sulfur in 
stream 
dist., per 
cent 

Initial 

Max. 

103 

88 

98 

10 

5.2 

90.5 

0 20 

103 

80 

98 

20 

0.7 

88.0 

0.19 

103 

80 

102 

30 

10.0 


0.16 

103 

80 

104 

40 

12.0 


0.14 

103 

74 

106 

00 

10.0 

80.3 

0.10 

103 

7 

20 

10 

5.2 

92.0 

0.32 

103 

2 

20 

15 

6.0 

91.5 

0.17 

103 

7 

23 

20 

9.0 

88.0 

0.10 

103 

2 

25 

30 

10.4 

87.0 

0.06 

93 

93 

102 

10 

i 

4.2 

91.5 

0 25 

93 

84 

97 

20 

1 5.8 

88.5 

0.21 

93 

78 

9() 

30 

8.3 


0.16 

93 

70 1 

101 

40 

13.3 


0.14 

93 

84 

102 

00 

16.7 

i 

81.5 

0.10 

93 

10 

10 

10 

4.2 

93.5 

0.34 

93 

8 

18 

20 

5.8 

92.5 

0.25 

93 

5 

20 

30 

10.0 

91.0 

0.12 

93 

0 

21 

40 

10.8 

90.0 

0.07 

93 

5 

28 

60 

1 

15.8 


0.04 


* Courtesy of Union Oil Company of California. 


Lvbricating oil stocks —Customary temperatures are given 
in Table 94, 

Cylinder stock —:130 to 170°F.^^ and 150 to 180®F. if treating is 
conducted before dewaxing. 

The cold-treating methods have many advantages from a 
treating standpoint, but the refrigeration requirements are 

Robinson, C. L., U.S. Pat. 910,584 (Jan. 26, 1909). 

1 * Kauffman, H, L., Ref. Nat. Gaso. Mfr., May, 1927, p. 59. 
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enormous. The practicability of low-temperature treating must 
be carefully investigated and a stock must be very diflSicult to 
treat before cold methods can be adopted. 


Table 94.— Temperature for Treating Lubricating Oils 


Viscosity of oil at 
100°F., sec. 

Temperature of oil 
when acid is added, 
deg. F. 

Temperature of oil and 
wash water during 
washing and settling, 
deg. F. 

50 

70- 80 

110-120 

75 

80- 90 

120-130 

100 

85- 95 

130-140 

160 

90-100 

140-150 

200 

95-105 

150-160 

300 

100-110 

155-165 

500 

105-115 

160-170 

1,000 

110-120 

165-175 

1,600 

110-120 

165-175 

2,000 

115-125 

170-180 


Contact Time. —Two factors are involved in considering the 
contact time. Prolonged contact of acid-sludge and oil results 
in a poorer color and less stability, but too short a time may 
prevent a complete utilization of the acid. Furthermore, 
the time of contact is intimately associated with the fineness of 
dispersion of the acid throughout the oil and the time required to 
separate the sludge. 

Straight-run and cracked gasolines are contacted with acid for 
less than a minute in continuous-treating systems. A short 
contact time is particularly advantageous for cracked gasolines 
in order to minimize polymerization and sulfation of the oil. 
The time of contact is sometimes held to only a few seconds 
by mechanical contactors,^® and the settling time is eliminated 
almost altogether by centrifugal means. Continuous processes 
for treating Ihbricating oils are being investigated, and a 

Stratford, C. W., Nai. Petroleum News, Mar. 12, 1930, p. 32F. 

Jones, L. D., Use of Centrifuge in Acid Treating Petroleum Stocks, 
Ref, Nat, Oaeo, M/r., June, 1934, p. 224. 

^Walker, R. C., Continuous . . . Centrifugal Separation . . . , Ref. 
Nat, Oaeo, Mfr,, June, 1934, p. 228. 

“Trbscott, L. C., Sludge, Ref, Nat, Gaeo. Mfr., May, 1934, p. 172. 
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«hort time of contact (10 min.) is found to be advantageous. 
These short-contact processes all claim to reduce the amount of 
acid that is required and to facilitate the control of the treating 
operation. 

In the older method of batch agitation, the time of contact 
is much longer. For light distillates the time of air agitation 
ranges from 15 to 40 min. Kerosene normally requires 30 or 
40 min., and for lubricating oils the time may be 90 min. The 
time required to settle the sludge in an agitator ranges from a 
few minutes for gasoline to as long as 15 hr. for very viscous 
stocks. 

Laboratory control tests are necessary in finding the best 
conditions for treating. An excellent method for the control of 
lubricating oil treating is outlined by Weir, Houghton, and 
Majewslu.^ 

Inhibitors of Gum.—During cracking, unsaturated hydro¬ 
carbons are produced that upon exposure to air during storage 
produce so-called gum in the gasoline. Gum may be removed 
by treatment with sulfuric acid or hy vapor-phase treatment with 
fuller^s earth, but the use of antioxidants or inhibitors is becoming 
more and more common because of the small expense of such a 
treatment. Inhibitors delay the formation of gum; but if suffi¬ 
cient time elapses, they do not prevent its formation. Exposure 
to sunlight, elevated storage temperatures, or a high percentage 
of sulfur contributes^^ to more rapid gum formation. The 
stability of gasoline may be taken as proportional to the induction 
period in oxidation bomb tests for gum. Thus the amount of 
gum by the A.S.T.M. method is a direct function of time for 
each temperature,^® and the length of time for the formation of, 
say, 10 mg. of gum during storage can be estimated by extrapola¬ 
tion of laboratory tests. 

Among inhibitor agents are such synthetic materials 
as dibenzyl-para-aminophenol, monobenzyl-para-aminophenol, 
para-hydroxyphenylmorpholine, tributylamine, alpha-naphthol, 
and catechol; in coal-tar distillates, cresols and xylenols; and 
in wood-tar distillates, creosote, catechol, ethyl guaiacol, mono 

McNamara, . . . Gum Stabilities of Gasoline, Ref, Nai. Gaso, Mfr,, 
October, 1934, p. 381. 

^•Yabroff and Walters, Gum Formation in Cracked Gasolines, Ind. 
Eng. Chem., 32, 83 (1940). 
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ethers of pyrogallol, and the xylenols.^® The amount of each 
inhibitor required varies widely, but to some extent this is 
counteracted by a cost that is inversely proportional to effective¬ 
ness. Minute amounts of heavy metals such as copper or 
vanadium act as catalysts in producing gum, and certain com¬ 
pounds have been developed for counter acting^® this effect. 
Inhibitors for color deterioration have also been proposed, 
and the use of dyes for counteracting or masking the true color 
is common. 


SWEETENING TREATMENTS 

Mercaptans and elementary sulfur are not removed from 
distillates by the ordinary treating processes. The so-called 
sweetening treatments are used to eliminate the effect of these 
substances. Mercaptans impart a foul odor to the distillate, 
and elementary sulfur (in the presence of mercaptans) causes 
the distillate to be corrosive. Hydrogen sulfide is also removed 
in the doctor treatment, or it may be removed by a caustic wash. 
The common sweetening processes are the doctor, the hypo¬ 
chlorite, the copper chloride, and several alkali wash treatments. 
Indirectly, mercaptans and sulfur compounds decrease the 
octane number of gasoline and its susceptibility to the action 
of tetraethyl lead. Thus, sweetening methods that remove 
sulfur rather than convert it into other forms are most satis¬ 
factory. This fact is a main argument for the alkali wash and the 
Solutizer processes. The color Rtahility of so me gasolines is als o 
closelyijela.ted to aulfur content, the conducting 

sweetening^ and to c.ertain mechjjiical^ ^ 

Caustic washing methods, which involve bringing the gasoline in 
contact with sodium, calcium, or magnesium (brucite) hydrox¬ 
ides for the removal of hydrogen sulfide and mercaptans, are 
feasible for some gasolines because of the improvement in lead 

Rogers and Voorhebs, Gum Formation in Gasoline II, Ind. Eng. 
Chem., 25, 520 (1933). 

Downing, Clarkson, and Pedersen, . . . Metal Catalysts in Gaso. 
Gum Formation, Oil Gas /., July 27, 1939, p. 97. 

Berger, C. W., Practical Aspects of Sun Stability, Ref. Nat. Gaso. Mfr.y 
16, 411 (1936). 

** Ridowat, C. M., Improving Gasoline by Caustic Washing, Oil Gas 
Mar. 31, 1938, p. 83. 

** Anon., Lime Wash . . . Sulfide Removal, Ref. Nat. Gaso. Mfr.^ April, 
1940, p. 81. 
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susceptibility and the saving in chemicals in subsequent treat¬ 
ments. Caustic solutions ranging from 5 to 15 per cent are 
employed. 

D. L. Yabroff et al.-^ developed the Solutizer process, which 
permits complete removal of mercaptans by a caustic solution 
to which has been added an organic agent that increases the 
solubility of mercaptans in the caustic solution. Among suitable 
solutizers are various mixtures of the hydroxide, isobutyrate, 
alkyl-phenolate, and carbonate salts of sodium or potassium. 
The low-molecular-weight mercaptans are dissolved by caustic 
alone, but solutizers must be added in order to remove the 
mercaptans having three or more cai-bon atoms to the molecule. 
The spent solution is freed from mercaptans by stripping with 
steam and can then be used again. 

Although bauxite desulfurization differs vitally from what have 
been termed sweetening processes, it serves tlu^ samc^ purpose and 
in addition is able to remove more stable sulfur compounds than 
those involved in sweetening. In this })rocess th(i oil is heated to 
700 to 800°F. and contacted with bauxite. The sulfur is reduced 
to extremely low percentages. 

The doctor treatment consists of agitating the oil with a little 
sulfur and with alkaline sodium plumbite solution. Reactions 
for the process are as follows: 

2RSH + NazPbOs = (RS) 2 Pb + 2NaOH 
(RS)2Pb + S = R 2 S 2 + PbS ' 

» 

Most of the lead sulfide settles, but the disulfides dissolve in the 
oil to some extent. Inasmuch as disulfides decompose at 
elevated temperatures, the doctor treatment should preferably 
be conducted after the final distillation of cracked distillates. 
Elementary sulfur in the gasoline is removed by these reactions; 
but if an excess (about 20 per cent more than required for the 
reaction) of sulfur remains in the oil, the oil will be corrosive. 
The presence of lead sulfide facilitates the sweetening process, 

*^The Solutizer Process, Ref. Nat. Gaso. Mfr.^ May, 1939, p. 171; The 
Regeneration Step . . . , Ref. Nat. Gaso. Mfr,^ November, 1939, p. 131; and 
. . . Octane Number and Lead Susceptibility . . . , Ref. Nat. Gaso. Mfr.y 
March, 1940, p. 55. 

Excepting ethyl and propyl disulfides. Faragher, Morrell, and 
Comay, Ind. Eng. Chem.y 20, 527 (1928). 
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and oxygen is also advantageous.^^ Hence air agitation is an 
advantage in doctor sweetening. The doctor treatment is 
always diflScult to control, and hence the chemistry of the process 
must be considered for each particular distillate. 2 ® Gasolines 
that contain much free sulfur sometimes require the addition 
of mercaptans or sour distillates before the doctoi/treatment, 
because mercaptans are necessary in completing the reactions 
with sulfur. Stability of color is greatly improved by thorough 
separation of chemicals during settling and washing. 

The concentration of the sodium hydroxide solution should 
be 12 to 30°B^. (8 to 24 per cent). Lead oxide or litharge 
(PbO) is dissolved in the caustic solution before it is mixed with 
the oil. The solubility of lead oxide in caustic soda increases 
with the gravity of the s^olution, being about 1 per cent in a 
12®B6. solution and about 3 per cent in a 30®B6. solution. 
About 0.05 lb. of lead oxide is consumed per barrel of cracked 
gasoline. Rhombic or lump sulfur should be used because flowers 
of sulfur is not sufficiently soluble in oil. Continuous-treating 
equipments are generally used, but batch treatment with air 
agitation has the advantage of regenerating the lead sulfide and 
decreasing the amount of sulfur that is required. Sometimes a 
better color gasoline is obtained by using the caustic solution from 
a hydrogen sulfide wash in making the doctor solution. 

Spent doctor solution is often recovered or used over again by 
adding more litharge to the solution and carrying the sulfide in 
suspension. Some refiners oxidize the lead sulfide as a caustic 
slurry by heating to 150 to ITS^F.-^nd blowing with air, which 
converts the sulfide to plumbite.^® Doctor solution may also be 
recovered by the use of chlorine or sulfuric acid. 

Lead sulfide itself may be used as a sweetening agent. The * 
over-all reaction is the same as those given for doctor sweetening, 
but the lead sulfide may act catalytically to cause the two doctor 
reactions to take place simultaneously as 

2RSH + S + 2NaOH R 2 S 2 + NaaS + 2 H 2 O 

The reaction may be conducted by contacting the sour gasoline, 

•• Bobn, S., C^hemical Reactions . . . Petroleum Eng.j August, 1931, 
p. 149. 

" Rowsy and Whitehurst, Oil Goa Dec. 29, 1927, p. 250. 

** Chem, Met Eng., 88, 76 (1931)* also D. F. Gsrstenberger, Petroleum 
Eng., January, 1930, p. 167. 
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sulfur, and oxygen (air) wth a solid bed of lead sulfide catalyst®® 
or by recycling the lead sulfide suspended in a* strong caustic solu- 
tion®® with the introduction of air and current revivification of 
part of the lead sulfide solution by washing with hot water. 

Sodium or calcium hypochlorite sweetening has found extensive 
use in the treating of natural gasoline and straight-run gasoline, 
but it is seldom used for cracked products or high-boiling oils. 
With dilute hypochlorite a mild oxidation takes place thus: 

2 RSH + NaOCl = R 2 S 2 + H 2 O + NaCl 
With more concentrated solutions 

RSH -h 3NaOCl = RSO3H + 3NaCl 
Likewise for sulfides 

R 2 S + NaOCl = R 2 SO + NaCl 

and 

R 2 S + 2 NaOCl = R 5 SO 2 + 2 NaCl 

Elementary sulfur is not attacked, and hydrogen sulfide is 
partially oxidized to water and free sulfur. The sulfones (R 2 SO 2 ), 
such as ethyl and propyl sulf ones, can be removed by washing 
with water, but the higher molecular-weight sulfones are not 
soluble in water. 

Sodium hypochlorite is commonly prepared by bubbling 
chlorine gas through a 10 per cent solution of sodium hydroxide. 
The temperature should not be over 95 ^., or chlorates may be 
produced. A water-cooled cast-iron vessel may be used, but 
steel is satisfactory. The stock solution is diluted to about 
0.34 N when ready to use. The quantity of solution required, 
measured in terms of chlorine, amounts to 1 to 15 lb. of chlorine 
per thousand gallons. 

Calcium hypochlorite is more convenient to use and is some¬ 
what cheaper than sodium hypochlorite. The solution may be 
prepared as above, with lime and chlorine, but bleaching powder 
is often more convenient. A 0.34 N solution is satisfactory. 
The Mathieson Alkali Works has a special chlorinated calcium 

Happel and Robertson, Lead Sulfide . . . Dry Sweetening Agent, 
Oil Gas Mar. 31, 1938, p. 125. 

Altshuler and Graves, Refinements in Sweetening Technique, Ref. 
Nat. Oaso. Mfr., June, 1937, p. 272. 
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compound sold as H.T.H. [Ca(OCl) 2 ] which contains about 
65 per cent chlorine. The quantity of H.T.H. required is usually 
between 1 and 5 lb. per thousand gallons of gasoline, and three 
to five times as many pounds of a good grade of bleaching powder 
(CaOCU) is required. 

The hypochlorite process partially oxidizes hydrogen sulfide 
to free sulfur, so that a precaustic wash is sometimes used to 
remove hydrogen sulfide. In fact, a caustic wash materially 
reduces the chemical that is needed in the hypochlorite treat. 
Little or no sludge is produced so that the process is particularly 
suited to th(' pro(*essing of natural gasoline. 

The copper sweetening process involves the oxidation of mercap- 
tans to disulfides and the reduction of cupric chloride to the 
cuprous state, as 

4RSH + 4CuCl2 2 R 2 S 2 + 4CuCl + 4HC1 

The cuprous chloride is then oxidized with air or oxygen: 

4CuCl + 4HC1 + O 2 4CuCl2 + 2H2() 

In the solid process both reactions take place simultaneously in a 
vessel packed with fuller\s earth impregnated with cupric 
chloride. For oxygen-sensitive stocks, however, such as certain 
cracked gasolines, the oxidation must not be conducted in the 
presence of the gasoline, and hence a liquid solution process is 
employed in which the air is admitted to the solution in a separate 
vessel.*^ Hydrogen sulfide and lower mercaptans are removed 
in a preliminary caustic wash. In the solution process the use 
of somewhat expensive glass-lined, rubber-lined, Durichlor, 
concrete, and canvas-base Bakelitc equipment is necessary for 
withstanding the violent corrosive action of cupric chloride and 
hydrochloric acid. 


REFINING BY ADSORPTION 

Various mineral clays, earths, and artificial mineral adsorbents 
are used to improve the color of oils and remove asphaltic or 
resinous material. In general, three methods are followed: 
(1) percolation through a long column of coarse clay, (2) contact 
at a high temperature with finely powdered clay, and (3) contact 

Schulze and Buell, Control pf Copper Sweetening . . . , Oil Gas J., 
Nov. 25, 1937, p. 56. 
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in the vapor-phase with loosely packed clay. The percolation 
method is the oldest method and in many ways is not so satis¬ 
factory as contact treatment, but in other ways, particularly 
its flexibility, it is a desirable method. The application of 
vapor-phase treating is limited to the treatment of the lighter 
distillates, particularly cracked gasoline, because higher boiling 
oils cannot be easily kept in the vapor state. The contact process 
is now used for neutral oils, gasoline, and diluted cylinder stocks. 

The removal of coloring matter from oils by clay appears to 
be governed by the adsorption isotherm of Freundlich.®-^ This 
ma}^ be stated as 



or in logarithmic form 

log ^ = log a + i log (7 

whei-e = units of impurity removed, 
ilf = quantity of adsorbent used. 

C = concentration of the impurities in the oil or vapor, in 
equilibrium with the solid adsorbent. 
a and n = constants that depend upon the cliaractoristics of the 
adsorbent, oil or vapor, and solvent if one is used. 
Thus decolorizing data yield straight lines if X/M is plotted 
against C on logarithmic graph paper. The equation may be 
used to compare several clays, but this is about the limit of its 
usefulness, because the value of the constants is usually unknown. 
L. L. Davis^'^ presents a study of five clays in the treatment of a 
lubricating oil. He found the reciprocal of the Tag Robinson 
color was a satisfactory measure of the impurities. For com¬ 
paring the efficiency of two clays on a particular oil, the foregoing 
equation ma}" be ai-ranged in a more convenient form by dividing 
one equation by the other, thus 

or 

M a 

Table 95 shows the efficiencies of the fi\'e clays. 

Walker, Lewis, McAdams, and Gilliland, “Principles of Chemical 
Engineering,'' 3d ed., McGraw-Hill BfK)k Company, Inc.. Now York, 1937. 
« Ref. Nat. Gaso. Mfr., March, 1928, p. 90. 
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Tablb 95.— CoMPABisoN OP Clays 


Efficiencies as per cent of Riverside earth 


Tag Robinson 
color 

Riverside, 

Tex., 

fuller’s 

earth 

Natural, 

Utah 

Treated 
German 
clay, dry 
form 

Treated 
Tex. clay, 
pulp fonn 

Treated 
Calif, clay, 
pulp fonn 


100 

120 

120 

170 

285 

1 

100 

130 I 

133 

235 

400 

iy2 

100 

140 

140 

240 

465 

2 

100 

160 

150 

245 

600 


Many factors are involved in the efficiency of decolorizing, such 
as the kind of oil; the kind of treatment that it has undergone*; 
the kind of solvent, if any is used; and the presence of sludge or 
tarry material; and hence, a fair cataloguing of clays in the order 
of efficiency cannot be made. In the selection of a clay, examina¬ 
tions of the clays that are available in the vicinity should be made 
in the laboratory. As an indication of the difference in clays 
note Table 96 by Dimstan.®^ He examined the decolorizing 
power of the adsorbents using a 0.25 per cent solution of crude 
asphaltic oil in benzene. 


Table 96.— Comparison op Decolorizing Materials 


Material 

Cc. of colored solution 
decolorized by 1 g. of clay 

Approxfmate bbl. 
per ton 

Alumina. 

60 

342 

Fuller’s earth I. 

30 

171 

Bauxite I. 

30 

171 

Bauxite II. 

26 

142 

Bauxite III. 

20 

114 

Ignited peat. 

15 

85 

Bone charcoal. 

14 

80 

Bog iron ore. 

12 

68 

Fuller’s earth II. 

10 

67 

Ferric oxide. 

10 

57 

BaU clay. 

8 

45 

Puller’s earth III. 

8.6 

47 

Puller’s earth IV. 

4 

23 

China clay. 

2 

11.6 

Kieselguhr. 

2 

11.5 


w Morrell and Eglofp, reference, Oil Gas J., Jan. 28, 1932, p. 22. 
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The more important groups of adsorbents are (1) fulIer^s earth, 
(2) bentonite,^ (3) various clays, (4) bog iron ore, and (5) bauxite 
and alumina. These are often sold under trade names such as 
‘'Palex,'^ '‘Filtrol,” ^'Floridin,” and “Kontak.'' The chief 
sources of bleaching clays in the United States are Georgia, 
Florida, southern Illinois, Texas, Colorado, Utah, Nevada, Ari¬ 
zona, and southern California, although suitable clays are found 
in many other states.^® Some are used in the natural state, 
except for drying and crushing, but others are burned and washed 
with w^ater, steam, hydrochloric, or sulfuric acid. The treated 
clays usually have a greater decolorizing power, but the treatrnont 
is expensive. Most clays can be reactivated by burning, and 
some by washing with solvents. 

In general, the hydrocarbons are adsorbed in the following 
order: unsaturates, aromatics, naphthenes, and paraffins. In 
each series the high-molecular-weight hydrocarbons are adsorbed 
more readily, and this doubtless accounts for most of the decolor¬ 
izing action. Thus the specific gravity, viscosity, and color of 
the stream of oil from a percolation filter increase as more and 
more oil flows through the filter, and the first oil will be of a much 
lower gravity and viscosity^® than the parent stock. Resinous 
and asphaltic substances are actively adsorbed. Little of the 
sulfur is adsorbed, and hence clay-treating methods are seldom 
used for jiesulfurization. 

TREATING EQUIPMENT 

The mechanical operations involved in treating are primarily 
those of mixing or contacting and settling or separating. In the 
most simple arrangement, a hatch sydem, which employs a 
vSO-called agitatory may be used. The system consists of a conical- 
bottom agitator vessel equipped with a steam coil and having 
connections for agitation with air or for circulation by means of 
pumps. A single agitator may be used for many operations 
such as contact with sulfuric acid or alkalies, wasliing with 
water, or neutralization mth ammonia or clay. A lead lining 
weighing 8 to 10 lb. per square foot is usually provided. Lead is 
a ductile material, and hence it should be supported at intervals 
of about 8 in. by reinforcing bars. The support bars are bolted 

“ Nutting, P. G., Ind, Eng. Chem.y Anal. Ed., 4 , 139 (1932). 

*• Kauffman, H. L., Ref. Nat. Gaso. Mfr., April, 1928, p. 74. 
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through the lead to the steel shell, and a strip of lead is burned 
over each bar and its bolts, so that no steel is exposed. Hard 
lead (94 Pb-6Sb) and tellurium lead are gaining in favor because 
of their greater strength. 

Continuous treaters involve many arrangements of mixers and 
settlers, but in principle they are much alike. The most simple 
arrangement is a metering and mixing system such as would be 
employed in adding tetraethyl fluid or inhiV)itors to gasoline or 
demulsifying agents to crude oil. Although injection can be 



Fio. 17S.—Thr(*e methods of adding inhibitor to gasoline. 


controlled by hand, the best methods employ proportioning 
pumps actuat(jd by the main transfer pump, proportioning orifice 
flow controllers, or similar automatic proportioning methods. 
Such systems are illustrated in Fig. 173 for introducing an inhibi¬ 
tor into gasoline. If extremely small amounts of agent are 
added, as in the case of ethyl fluid or by the hand-control method 
of Fig. 173, a more uniform mixture may be attained by recir¬ 
culating it in and out of the final storage tank. 

A somewhat different system is necessary for contacting a 
fluid with a solid treating agent, as in passing gasoline and air 
through a copper chloride solid treating agent or in adding sulfur 
to gasoline in the doctor sweetening process. Such equipment is 
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so simple that no flow diagram will be shown. When contacting 
a liquid reagent with the stock, it is necessary to have some 
method of recirculation and perhaps of mixing the two fluids and 
an additional vessel for settling traces of the treating agent or for 
washing with water. Such systems are illustrated by the caustic- 
wash system of Fig. 174. 

Many modifications and elaborations on these systems are 
possible, such as the use of motor-driven contactors for mixing 
the stocks, centrifuges for separating the stocks, filters for 
removing traces of solids, and various sequences of contacting, 
settling, washing, etc., as illustrated in the prt'ssure-distillate 
treater of Fig. 177 (page 599). 


Raw 

gasoline 

in 

Fresh 

causfic 

in 


Mixer 

-S —. 


Settler 



RecirculaHon 




Wafer 



Wbter 

.wash 




Gasoline 

ouf 


To 

Drain 


Fia. 174.—Caustic-wash system with recirculation of caustic. 


Contacting Methods. —The design of mixing columns is nor¬ 
mally based on the pressure-drop that is available for mixing. 
A total pressure-drop of 30 lb. per square inch is sufficient to 
give eiYective mixing, and many r(‘finers find that miSng is 
effective at much lower pressure-drops. The particular type 
of mixer is not important, but intimate contacting must be 
attained. At the same time, many refiners report that too 
intimate a mixing gives difficulty in the settling and suggest only 
a pump and several sharp-angle turns for mixing. Among the 
types of mixers that are used are square-angle bends, orifice- 
plate columns, baffle-plate columns, perforated buckets, various 
mechanical mixers operated by motors, jet or nozzle mixers, and 
pumps. Irwindescribes a multiple-cone type of mixer and the 


” Oil Gas J*., July 19, 1934, p. 10. 
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computation of the pressure-drop through the mixer. Mechan¬ 
ical mixers usually consist of a shaft with blades attached. 
Pumps give fair mixing, particularly centrifugal and rotary 
pumps, but additional mixers and baffle columns for prolonging 
the time are usually used. An ingenious use of a centrifugal 
pump for mixing is mentioned by Morrell and Bergman.®® The 
impeller of the pump is cut down to about half diameter, and the 
impeller is reversed in the case. 

The orifice column^^ is widely used for mixing. With an 
average orifice discharge coefficient of 0.65, the permanent loss is 
about 95 per cent of the pressure differential. Using these 
figures and when expressing velocity as barrels per hour, iht) 
following formula results: 

Bbl. per hr. = 17. VaS (113) 

D = diameter of orifice hole, in. 

Hkh = pressure-drop across one plate, expressed as head of liquid, 
ft. 

The accuracy of this eciuation is influenced by the arrangement 
of the orifice hole or holes and by the ratio of the area of orifice 
holes to the area of the pipe, but great accuracy in the design of 
a mixing column is not justified. In general, the ratio of pipe area 
to the total orifice area may range from 3 to 10 and still be satis¬ 
factory. Inasmuch as the equation is to be used for only approxi¬ 
mate results. Table 97 will prove to be a useful simplification. 
The figures within the block are the pressure-drops normally 
employed. The feet of liquid may be converted to pounds per 
square inch by the following relation: 

iLib. per sq. in. = (ft. of fluid) X (sp. gr.) X 0.433 
or 

TV . ft. of fluid 

Lb. per sq. m. - ^ ^ 0.01623 (A.P.I.) 

The mixing column may be assembled by welding, by cutting 
slots at 1-ft. intervala and on opposite sides of the pipe. The 
plates are cut with a recess on one side (as thick as the pipe) so 
that one side of the plate fits against the inside of the pipe and the 
other side extends through the slot so that it can be welded. 
Another way to assemble the column is to use flanged spools with 

•• Three articles, Chem. Met Eng.^ 85 , 210 , 291, 350 (1928). 
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a plate between each spool. The plates may also be strung on 
rods, spot-welded, and slipped into the column from the end. 

If a longer time of contact is desirable, so-called contact 
columns or time columns may be used. These are attached after 
the mixing columns as shown in Fig. 177. Time columns 
may consist of large pipe with half-moon baffles or orifice plates 
having large holes. In arranging mixing equipment, no low 
points in which the chemical may collect should exist, because the 
liquid tends to surge in slugs into the settling equipment. 


Table 97.—Pressure-drop through Orifice Mixers 


Bbl. per hr. 

Pressure-drop for each orifice plate, expressed as fl. of 
liquid for the following areas of orifice (total), sq. in. 


0.4 

0.6 j 

0.8 

I 1.0 

3.0 

6.0 

10.0 

10 

1.2 

0.54 






20 

4.7 

2.15 1 

1.11 

0.52 




40 

18.8 1 

1 8.6 

4.45 

2.08 

0.35 



60 

42.2 

19.3 L 

10.0 

4.67 

0.8 



100 


63.7 

27.7 1 

13.0 

2.22 

0.67 


160 



62.5 

29.2 

5.0 

1.29 

0.45 

200 




62.0 

8.9 

2.3 1 

0.79 

300 





20.0 1 

5.2 

1.78 

500 






14.2 1 

4.95 


If the chemical is injected by gravity feed or from a pressure 
feed-tank, the rate of feed can be controlled with a valve and no 
metering device is necessary. If blow-cases are used, the chemi¬ 
cal must be measured as it is added. The most common method 
of metering is by orifice meters. Morrell and Bergman"** present 
orifice meter charts. The treater often estimates the material 
handled by a blow-case by noting the time and the pressure 
during the admission of acid. 

Example 82. Design of Orifice Mixer.—Acid is to be mixed with 8,000 
bbl. per day of 53 A.P.I. pressure distillate. A pressure-drop of 26 lb. per 
sq. in. is permissible. 

Bbl. per hr. 334 

Use about 7 sq. in. of orifice holes or openings. 
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Use a pressure-drop, feet of fluid (Table 97), of about 5.5 ft. 

5 5 

Pressure-drop, lb. per sq. in. per plate = 2.148 ' + 6^0 r 623( 5 3 ) “ 

25 

Number of plates = = about 14 

l.oO 

Use a pipe having about five times the orifice area, or 30 sq. in. Use stand¬ 
ard or extra heavy 6-in. pipe with a transverse area of 28.9 sq. in. 

Sq. In. Sq. In. 


Approximate layout of plates: 

Six holes 6 X 1.227 — about 7.37 

or twelve %-m. holes 12 X 0.601 = about .... 7.22 

V]6-iu. elearaiiee around one side of plate.= 0.42 0.42 

Total opening, sq. in. =7.79 or 7.64 


The plate will l>e 6.07 in. in diameter with a He-in. recess around half 
of the eircurnfcrenee. 

If the plates are spacnul I ft. apart, the total length of the mixing column 
will be about 16 ft. 

In rare instances the time of contact must be very short, and 
for such situations mechanical mixers like those employed in the 
centrifuge treating systems**'-^ may be employed. Refer to Fig. 
180 (page 603). 

Settlers or Separators.—The exact settling time that is required 
must be determined for each treating operation. In general, 
caustic and water mixtures settle more rapidly than acid sludge 
or “ pepper. Ten or fifteen minutes often suffices for caustic 
or doctor settlers, but an hour may be required- for settling acid 
sludge. The settlers are usually about 40 ft. high and range 
in diameter from 2 to 10 ft. In large-diameter tanks, a gentle 
circulation takes place and tends to spoil the separation. The 
sprays for water-wash tanks are usually of welded pipe in the form 
of a cross or a six-legged star with holes drilled on the 

same side of each pipe in the star. These sprays, all pointed 
in the same direction, give a gentle rotating motion to the oil 
in the tank. They are placed several feet below the oil outlet. 
Horizontal settling tanks are more effective than vertical settlers 
of the same capacity. This is due to the lower vertical velocity 
in the horizontal settler. The velocity of the fluid in the settler 
should not exceed about 3 ft. per minute. A higher velocity 
will require a greater time for settling. Stokeses law (page 385) 
governs the rate of settling. 

*• Tbivals, H., Ref. Nat. Oaso, Mfr.y May, 1932, p. 312. 
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Example 88. Design of Settlers.—A tank for settling caustic from 12,000 
bbl. of oil per day may be designed as follows: 

Caustic or doctor settler: 

Allow 30 min. of time, and use a vertical tank 40 ft. high. 

12 non 42 

Volume of oil per hr.^= —— X ^ = 2,800 cu. ft. 

2 800 

One-half of this — — = 1,400 cu. ft. to be handled in 30 min. 

Cross-section area of settler = = 35 sq. ft. 

40 

Diameter = about 6 ft. 10 in. 

If 40-ft. tanks are not convenient, then two 20-ft. tanks connected in S‘;ncs 
can be used. 

Acid sludge settler: 

Allow 1 hr. and use a 40-ft. tank. 

Cross-section area = 35 X 2 = 70.0 sq. ft. 

Diameter = about 9 ft. 6 in. 

Concentrated sulfuric acid, acid sludge, and caustic solutions 
do not attack steel rapidly, but dilute acid reacts violently so 
that water-wash tanks after acid-settling tanks must be lead 
lined. The caustic settlers and caustic water-wash tanks are 
also frequently lined with lead, although lead linings are not really 
necessary. Self-lubricated cocks, such as the Merco-Nordstrom 
or MacGregor, should be used on the chemical lines. Steel 
pipe is used for all connections except the drain lines from acid- 
water-wash tanks. These lines should be lead lined or con¬ 
structed of alloy cast iron. The drains should have air or steam 
connections into them so that they can be blown oid/’ in case 
they become plugged with sludge or scale. 

In acid treating, some refiners^® have found that neutralization 
and coagulation with clay are more satisfactory than settling and 
neutralization with caustic. The use of a Hardinge clarifier is 
reported.^® The sludge is collected on a bed of sand, and revolv¬ 
ing paddles continually scrape the stick\ sludge from the top 
of the filter. The thickness of the bed is finally so decreased that 
new sand must be added. Still other refiners^^ utilize vessels 
packed with rock or sand. 

Filter Presses. —Solids are usually in a finely divided condition, 
and hence filter presses rather than gravity settlers are often 

Willson, C. O., Oil Gas J., Dec. 18, 1930, p. 38. 

« Vesper, H. G., Oil Gas J., Mar. 30, 1933, p. 44. 
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accessary. The only major use of filters is in removing finely 
divided clay from treated cylinder stock in the clay-contact 
process. The Sweetland press, a picture of which is shown in 
Pig. 175, is widely used, and more recently the Oliver precoat 
continuous rotary filter has been adopted by some refiners. In 
addition the Kelly pressure filter^^ i5 used for removing carbon, 
lime, and other solids from cracking-still residuum. Pressure 
filters are also used to remove clay from pressure distillate.®^ 



Fia. 176.—Sweetland filter press for removing fine clay. (^4. J, Smith Engi-^ 
neenng Comptiny.) 

The Sweetland press*^ consists of a cylindrical horizontal shell 
having a hinged bottom, half of which can be dropped down for 
removal of the filter clay. Circular filter leaves are arranged 
crosswise in the shell, each being suspended by a separate 
connection at the top to an oil-discharge manifold. The oil-clay 
slurry is pumped into the shell through a manifold along the 
bottom. The oil passes through the sides of the leaves by 
application of a pressure of 40 to 50 lb. per square inch until a 
suitable cake thickness is attained. The cake is then washed 
with naphtha, steamed until dry, and then removed by opening 

Badokr and McCabe, ‘‘Elements of Chemical Engineering,” McGraw* 
Hill Book Company, Inc., New York, 19J^6. 
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'•he bottom of the press, which allows the cake to drop into a 
i onveyor or discharge chute. Sizes range from 10 to 1,000 sq. ft. 
of filter surface. Difficulties and methods of handling filter clay 
or cake are discussed by Trescott.^* 

The Oliver prccoat filter is a modification of the regular Oliver 
filter.It consists of a horizontal cylindrical drum, the outside 
of which is made up of separate segments or compartments. The 
entire outside of the cylinder is covered with a filtering medium 
such as fine mesh wire or cloth. Each segment is connected to a 
discharge line, under vacuum, by a special valve on the end of the 
drum in such a way that suction is maintained while the drum 
rotates. A deposit (or precoat) of a special filtering medium or 
clay is built up on the drum by rotating the drum for about 30 
min. in a vat containing a slurry of the precoat filtering medium. 
The vat is then filled with the oil-clay mixture; and Jis oil passes 
through the filter surface, a thin film of clay is deposited on th(' 
surface of the precoat. The thin layer of clay is continucrusly 
shaved from the surface hy means of a knife edge until the pre¬ 
coat is consumed. The precoat lasts from several hours to as 
long as several days, depending upon conditions. The coating 
of clay may be washed with naphtha and dried with air or steam 
as the drum revolves. 

PRACTICE OF TREATING 

The foregoing discussion of the chemistry, fundamentals, and 
equipment of treating was so involved that the manner of con¬ 
ducting these processes could not be discussed. Many different 
arrangements of equipment have been successfully used as well 
as the particular arrangements or diagrams that are shown in the 
following pages. 

Natural Gasoline. —About three-fourths of all the natural 
gasoline that is manufactured in the United States is treated by 
the hypochlorite process. The treating equipment is simple 
because practically no sludge is produced and the chemical is 
easily handled. If bleaching powder or a very strong variety 
icferred to as H.T.H. Is used, the plant consists merely of a 
chemical solution tank, a mixer, and a settler. 

Figure 176 shows a hypochlorite treater. The gasoline k 
normally sprayed through the treater, and the hypochlorib 

** Ref. Nai. Croso. Mfr., February, 1934, p. 54. 
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chamber is not used. When the chemical is spent, the valves 
that are shown in the diagram can be opened and the solution 
is pumped through the chamber to dissolve additional chemical. 
The chamber can be opened and refilled with chemical without 
molesting the treating operation. 

The chemical is added once a day through the top of the settling 
tank, and the solution is recirculated, as required, through the 
mixing column. Simple mixing devices that utilize the gasoline 

Sweet gasoline 



Fia. 170,—Hypochlorite sweetener for using bleaching powder. 

supply through an aspirator cone, for sucking the solution into the 
system, have been successfully used.^** 

If hydrogen sulfide is present in more than traces, the gasoline 
should be first washed with water or caustic. From 1 to 4 lb. of 
H.T.H. or 4 to 25 lb. of bleaching powder per thousand gallons 
of gasoline is normally required. 

Straight-run Gasoline. —A caustic wash or a sweetening treat¬ 
ment is all that is normally required for straight-run gasoline, 
and some of these gasolines require no treatment at all. In 
simple caustic treatment, the system shown in Fig. 174 may be 

^ Treating Natural Gasoline . . . , ReJ, Nat. Gaso. Mfr., July, 1933, 
p. 278. 
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used. The caustic settling tank can be charged once daily (or 
less often) with fresh caustic and circulated until it is spent. 
If the gasoline is unstable to light, a filtration through coarse 
fuller’s earth is often helpful. Doctor sweetening may be con¬ 
ducted in equipment similar to the last part of the flow diagram 
shown in Fig. 177. The sludge filter shown in this diagram is not 
widely used. Some treaters believ^e that doctor sweetening is 
more successful if the sulfur is added after the doctor solution 
rather than as shown in Fig. 177. 


tVoffer t^'aier 



Occasionally the sulfur content is so high that acid treatment 
must also be used, and the general manner of handling such a 
gasoline may be found under the next topic. 

Doctor sweetening may also bo conducted in a batch system 
by using an agitator. The advantageous effect of air agitation 
upon the sweetening is recognized, but the vapor losses may be 
great. 

The copper sweetening (page 600) process holds some advantages 
over the caustic washing and doctor processes because of its 
simplicity. The dry process^^ is suitable in most instances for 
handling natural or straight-run gasoline, but the wet process®^ 
is shown here because it can be applied to all stocks including 
even cracked distillates. A flow diagram of the process is shown 

^ Anon., Perco Solid Copper Sweetening Process, Ref. Nat. Gaso. Mfr.y 
April, 1940, p. 73. 
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in Fig. 178. Free sulfur and hydrogen sulfide are removed in 
the caustic wash; mercaptans are converted to disulfides by 
copper chloride; and any carry-over of sulfide is accumulated and 
recirculated as the final operation. 

The Solutizer process (page 601) has the advantage of removing 
sulfur and hence may result in a product having a higher octane 
number, an increased susceptibility to the effect of tetraethyl 
lead, and more color stability. A flow diagram is shown in 
Fig. 179. The steps in the jirocess are caustic washing, solutizer 
washing to dissolve mercaptans, and stripping of the solutizer 
solution by means of steam. Contacting is effected by means of a 
countercurrent tower packed with carbon Raschig rings, and the 
process is completely continuous. It may be applied for the 



Fia, 178.—Flow diaKram of copper (solution) process. {Perco Corporation.) 


sweetening of any type of distillate including cracked, reformed, 
or poly distillates. 

Pressure-still Distillate. —Such distillates contain gum . which 
may be removed by acid treatment or by vapor-phase clay treat¬ 
ing, or the formation of gum may be delayed l\y the use of 
inhibitors. Distillate also contains sulfur which in part must be 
removed by the sweeter ing processes just discussed, but it 
may also contain sulfur compounds that can be removed onl}" 
by cold sulfuric acid treatment or catalytic processes. 

The standard method of pressure-distillate treatment for many 
years was acid treatment, distillation of this material with steam, 
and doctor sweetening. This general procedure is utilized today 
to some extent for distillates that are high in sulfur. Acid 
treatment is usually conducted at prevailing temperatures in a 
continuous treater and neutralizer; but if the gasoline does not 
turn sour upon distillation, the treating may be simplified to 
an acid treatment and plumbite treatment in one operation 



Doctor sweet gasoline 
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T _ ) "Heat Solutizer 

5%Na0H Solutizer Gasoline exchanger •'egenerator 

extractor separator 

Fig. 179.--FI0W diagram of Solutizer process. (SHpM Development Company,) 
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(Fig. 177). Some refiners find that a double doctor treatment, 
one before and one after distillation, is necessary. 

Other modifications of the continuous-settler type of system are 
sometimes useful. The arrangement of equipment for two of 
these are 

A. Sludgc-circulation treatment 

1. Baffle column for pressure distil- 5. Sludge filter, 

late and acid .sludge. G. Watc^r wash. 

2. Sludge .settler. Sludge to waste. 7. (-austic mixers. 

3. Mixing columns for fresh acid. 8. Caustic settler. 

4. Acid settler, sludge to 1. 9. Water wash. 

B. Split plumbite 

1. Plumhite or caustic mixers. 6. Water wash. 

2. Settler. 7. Plumbite mixcir. 

3. Water wash. 8. Settler. 

4. Acid mixers. 9. Water wash. 

5. Settler. 

For high-.siilfur oils, method B usually suffices, but occasionally 
the sulfur is not completely rcmov(id. Sometimes this may be 
remedied by apidying tlie acid in several doses of about 2 or 3 lb. 
per barrel each and using a presludgc treat before applying any 
acid. Some high-sulfur distillates require 20 lb. of acid per barrel. 

Quick-contact and -settling Processes for Cracked Distil¬ 
lates. -These methods are attra(iting more and more attention. 
Whether th(vy are used for distillates or lubricating oils, the 
advantages claimed are the smaller amount of acid that is 
required, the control that the processes afford,, the advantages 
of continuous operation, and the smaller sludge losses. 

A flow diagram of the Stratford contactor centrifuge process is 
shown in Fig. 180. The high-sulfur pressure distillate* is pumped 
from the caustic-wash tanks to the contactor in which it is mixed 
for 1 or 2 sec. by means of a rotating shaft with blades and fixed 
baffles. The oil is immediately transferred to the centrifuges, 
and the entire time of treatment including contacting, transfer, 
and separation of the sludge maj^ be less than 4 sec. 

The acid stage oil is then delivered to caustic treaters or con¬ 
tacted*® with 200-300 mesh clay for a few minutes and filtered in 
Sweetland presse.s. The short time aids in avoiding polymeriza¬ 
tion of the valuable olefin hydrocarbons and thus allows the use 
of acid for •desulfurizing high-sulfur cracked distillates without 
destroying the antiknock properties of the gasoline. At one time 
the development of quick-contact processes was at a standstill 
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because the gum was not thoroughly removed, but this dijEculty 
has apparently been solved. 

The process is well suited for desulfurization, and hence the 
latest developments of the process have been for coZc?-acid treat¬ 
ment.'* ** ® The flow is similar to that shown in Fig. 180 except that 
refrigeration, heat exchangers, and chillers are required. A 
recent plant^® utilized gravity settlers rather than centrifuges. 

Clay Processes for Cracked Distillates. —The Gray vapor-phase, 
the OsterStrom liquid-phase, and the Stratford continuous^'^ processes 
are the outstanding examples of clay processes for treating 
cracked distillates. They cannot be applied to high-sulfur 
distillates because they remove little, if any, sulfur, but they are 
eff(M*tive and cheap ff)r many crac^ked distillatcis. The principles 
underlying the three processes are the same. Most of the diolefin 
and other gum-forming hydrocarbons are removed, but other 
hydrocarbons are only slightly attacked. Most low-sulfur dis¬ 
tillates can be successfully treated, but the distillates from some 
California oils have given difficulty with color stability. The 
vapor-phase process is not usually applied to distillates from 
vapor-phase cracking processes because the action is too vigorous 
and results in the removal of valuable hydrocarbons such as th(^ 
olefins. The Osterstrom process was developed to meet this 
need. The clay processes are to some extent being supplanted by 
the use of inhibitors. 

In the Gray process the vapor from the cracking tower is taken 
through towers that are packed with clay. Polymerization 
occurs, and a polymer liquid, containing a large percentage of 
gasoline, collects in the bottom of the tower (Fig. 181). The 
polymers may be injected into the bubble-tower or evaporator of 
the cracking system so that the gasoline is recovered and the pure 
polymer either finds its way into the tar or is recracked. The 
vapor passes on to the condensers and is a finished product except 
for sweetening. 

Goode has made an extensive study of color and gum content 
as related to vapor-velocity and the depth of the bed of clay. A 

* Stratcold Treating Process ...» Ref. Nat. Gaso. Mfr., July, 1939, 
p. 267. 

^ Gray, by independent refiners; Stratford, by Imperial Oil Co., Ltd.; 
Osterstrom, by The Pure Oil Co. respectively. 

** Ref. Nat. Gaso. Mfr., December, 1931, p. 79. 
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30-60 mesh clay is cominonly used, but 60-90 clay is used by some 
refiners. 

The throughput per ton of clay is often 3,000 to 5,000 bbl., and 
one plant is reported to have processed 20,000 bbl. for each ton of 
clay. The yield per ton of clay is greatly increased by eliminating 
entrainment in the gasoline vapor line. One refiner uses a mist 
extractor for this purpose. The clay chambers range in size from 
6 to 16 ft. in diameter and in height from 25 to 40 ft. 
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-Diagram showing series-parallel arrangement of Gray towers. 
{flray Processes Corporation.) 


In the Stratford process the vapor ascends the treating tower 
countercurrently to a stream of descending clay slurry. The 
spent clay slurry is continuously settled in cone bottom tanks and 
dried continuously with hot flue gas and a vacuum. About 
1,000 bbl. of distillate can be treated per ton of clay, but the 
gallonage varies because the amount of slurry can be regulated to 
obtain different degrees of treating. The flexibility of the process 
is one of its main advantages. 

In the Osterstrom process the cracked distillate is heated, as a 
liquid, in a conventional pipestill to about 500 to 600®F. It flows 
under pressure (no vaporization) through a bed of adsorbent, sucli 
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ss 30-90 mesh fuller^s earth, and back into a short coil in the 
pipestill. It issues from the still at a temperature high enough 
to cause vaporization when the pressure is released. The vapor 
is fractionated to end-point in a tower, and the polymer is 
separated as a bottoms product. The high temperature facili¬ 
tates the action of the clay so that as much as 70,000 bbl. of 
gasoline have been treated per ton of clay. However, vapor- 
phase gasoline is seldom treated to the high colors that are 
required in other gasolines. 

Clay is sometimes used as a neutralizer for acid-treated 
pressure distillate^® as in the clay-contact process for lubricants. 
The clay is removed by pressure leaf-type filters. About 1 to 
6 lb. of 200 mesh clay per barrel is required to neutralize the 
acid. 

Catalytic Processes. —Most sulfur compounds except possibly 
cyclic ones are decomposed by heating to 700 to 750°F. in the 
presence of bauxite.^® The reduction of sulfur to such low values 
as 0.002 to 0.01 per cent results in high octane numbers and makes 
tetraethyl lead particularly effective in increasing the octane 
number. The gum content and other properties of the gasoline 
are not greatly affected. Thus far, the process has been applied 
to only natural and straight-run naphthas. 

In the Houdry treating process,^® a diagram of which is shown 
in Fig. 182, gasoline vapor at about 645°F. and at a pressure of 
50 lb. per square inch is passed upward through a hydrated silicate 
of alumina catalyst which also contains oxides of nickel, cobalt, 
or other metals. The catalyst is poisoned during 3 to 10 hr. of 
use and hence must be regenerated by passing heated air through 
it to oxidize the carbon and sulfur deposits. About 3 hr. are 
required for regeneration. During regeneration the catalyst 
temperature is kept dovm to 1000®F. by means of a jacket 
through which is passed a circulating stream of molten sodium 
nitrates and nitrites.. The process produces a color-stable, low- 
sulfur, low-gum gasoline of high octane number. The product is 
well suited for aviation gasoline because of its low “acid-heaf 
value. 

Schulze • and Aldbn, Catalytic Desulfurization . . . , Oil Gas 
Nov. 17, 1939, p. 199. 

w Norman, H. S., Oil Gas Mar. 28, 1940, p. 106. 
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Kerosene. —The quantity of kerosene that is manufactured in 
most refineries is relatively small, and hence batch agitators are 
still used by small refiners. The batch agitator is nothing more 
than a large mixing and settling tank. Cylindrical shells with 
conical bottoms having a pitch of 4 to 6 in. per foot are used. 
Connections are provided for injecting chemicals, for introducing 
wash water through sprays, and for an air-line with which to mix 
or ^^roll” the chemical and the oil. Although large vapor losses 
occur with air agitation of distillates, the mechanical methods of 


Oil vapor 



Fig. 182.—Koudry catalytic treater for gasoline. {E. B. Badger and Sonn, 

Company.) 


mixing, using a circulating pump or paddles, are not entirely satis¬ 
factory because of the time required for complete mixing. 

The batch treatment of kerosene varies greatly depending upon 
the characteristics of the raw stock. For normal kerosenes the 
acid requirement is 3 to 6 lb. per barrel, but kerosenes that are 
rich in aromatics may require 30 lb. per barrel, part of which may 
be fuming acid. One Pennsylvania refinerreports the success¬ 
ful use of hypochlorite in treating kerosene, but such a treatment 
is probably unfit for most kerosene stocks. A typical batch acid 
treatment for kerosene is as follows: 

1. Agitate with acid 30 min. Often the acid is split into a small dose of 
“water-acid,” and after this is drained, the main acid is admitted. 

Kirkwood, G. M., Petroleum Eng,, February, 1932, p. 108. 
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2. Settle to IH hr. 

3. Spray with water for two 15-min. periods, and drain. 

4. Spray with soda and wash with water, 15 to 30 min. Drain. 

5. Wash with water 15 min. at about 100®F. 

6. Settle 45 min. to 2 hr. 

In the manufacture of prime kerosene from naphtheiie-baso 
crude oils the following procedure may need to be used: 

1. Agitate with watcr-aeid (I lb.), 15 min. 

2. Settle. Draiti. 

3. Three treats of 8 lb. each of fuming H28O4; settle arid drain after each. 

4. 3 lb. treat with acid. Drain. 

5. Three washes with water, agitating during wash, 15 min. each. 

6. Neutralize witli 0 lb. of 12”Be. caustic. 

7. Settle and drain. 

8. Two washes with water, 15 min. each. 

9. If color is not satisfactory, filter through fuller’s earth or agitate with 
about 0.4 lb. of earth. 

Methods of improving the color are (1) rodistillation with steam 
as with pressure distillate and (2) filtration through fuller’s 
earth. Continuous methods of acid treating kerosene are in 
operation in many Mid-Continent refineries. The treating of 
kerosene from mixed-base and paraffin-base oils is usually not a 
difficult operation. For the removal of aromatics, as from 
naphthenic crude oils, the Edeleanu solvent extraction process is 
widely used. 

Lubricating Oils.— There is such a wide variety of heavy oil 
stocks and the treatments that are used differ so greatly that only 
a few general operations can be discussed. Oils are treated with 
acid, filtered thiough clay in percolation filters, contacted with 
clay at a high temperature, or treated by solvent extraction 
methods. Pennsylvania stocks can usually be finished by 
percolation or clay contacting without acid treatment, but other 
oils usually require, acid treatment. Solvent extraction is dis¬ 
cussed in Chap. XXVII. 

The acid treatment of lubricating oil stocks is usually con¬ 
ducted in batch agitators. However, note the discussion of 
continuous lubricating oil treaters (page 609). Inasmuch as the 
characteristics of oils vary greatly and the details of treating 
various oils are so different, the operations can be best illustrated 
by the operations of several refiners: 
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Distilled 
cyl. stock 

Residual 
cyl. stock 

225 

neutral 

Pale 

oils 

Average 

oils 

Refiner . 

I 

I 

I 

11 

III 

Pounds water acid, 66°B6., 






apitate l^hx . 

4 

32 

1 

4 

2-12 

Hours of settk* and draw. . 

6 

4 

2 

4 

2-31 

Pounds acting acid, 66 






agitate ^^—1 hr. 

8 


4 

10-18* 

20-60 

Hours of settle and draw .. 

5 i 

. 

9 

j 12-20 

2-8 

Water-wash .i 



i 1.^0 irjil. 

ner 1.0<)0 

^^es 


j 

i 

”bl)b) 


Neutralized by . 

Clay 

C-lay 

(’lay 

Caustic 

Caustic 


contact 

contact j 

contact 




* 98 per cent acid. 


Neutralization with soda ash or (*austic is a(a*omplished by 
agitating gently with 3 to 15°B6. caustic until neutral, spraying 
with liot wat(‘r or steaming, and settling for 4 to 15 hr. Several 
washings and settlings are usually necessary. The oil may then 
be brightened by heating to 120 to 2()0°F. by steam coils in an 
open pan; heating and blowing with air; or by agitating with dry 
Sil-O-Cel, etc., and filtering. 

Neutralization with caustic* or soda is a troublesome operation 
because of the frequent formation of emulsions. Often thesii 
emulsions arc of such stability that only a repc^ated acid treatment 
or an application of strong caustic will cause a sc^paration. For 
this reason, neutralization is being more and more frequently 
accomplished by the use of clay, as in the contact process, or 
with ammonia. 

The use of centrifuges is also being promoted for the treating of 
lubricating oils. In general the oil is heated and mixed with 
acid for about 10 min. by a mechanical mixer and/or reaction 
tank. It is then '‘soused^' with water to prepare the sludge and 
discharged through the centrifuges. The sludge accumulates in 
a hopper and is continuously pumped to fuel oil mixing tanks or to 
an acid recovery system. The acid is sometimeis added in two 
portions, one portion as outlined above and a second dose at the 
centrifuge itself. The latter dose of acid aids in producing a fluid 
sludge. In one plant the sludge was removed from the bpwl of 
the centrifuge by means of hot fuel oil. The properties of 
lubricating oil sludge vary so A^ddely^® that each continuous 
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lubricating oil treater is a new problem. Cylinder stock has been 
treated in some of these plants without dilution. 

The success of continuous treatment of lubricating oils always 
depends upon a method for removing the sludge. Cone settlers 
have been used to some extent.^® The sludge accumulates con¬ 
tinuously in the bottom of the cone, and the oil overflows con¬ 
tinuously from the entire periphery of the top of the cone. Thus, 
the oil is skimmed from the top of the settler without causing the 
currents in the fluid that a connection in the side of the cone 
would produce. 




Nophthoi 


Sweet I and 
Press 


LJtO 


V 

Spent Clay 


Filtered 

Solution 



Fio. 183.—Diagram of clay contact treating process. 


Contact Filtration. —The most common method of neutralizing 
with clay is the contact process. In addition the process effec¬ 
tively decolorizes the oil. Contacting is usually practiced on oil 
that is in the “acid-stage’’ or, in other words, oil that has been 
treated with acid but not neutralized. The clay is rendered more 
effective if the oil is acid. 

The process is practiced at 220 to 650°F., but most refiners 
contact diluted cylinder stocks at 475®F. and neutral oils at 220 to 
320®F. Occasionally lower temperatures are used, but such an 
operation should be classed as neutralization. The acid-stage 
oil is mixed with 200 or 200-300 mesh clay, and the mixture is 
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heated in a pipestill to the aforementioned temperatures. The 
hot oil is then allowed to settle for a short time, and the fines 
(clay dust) are filtered from the oil in Sweetland or similar presses. 
Sometimes a short percolation filter is used to aid in the removal 
of the fine clay. The clay is not usually recovered, although 
experiments are constantl}^ being made in an effort to reactivate 
the clay by solvent methods. Figure 183 illustrates the general 
equipment in a contact plant. 

The more viscous oils, such as cylinder stock, are usually acid 
treated and contacted in solution. The solution contains 
])etwcen 50 and 75 per cent of a liighdnitial-boiling-point naphtha. 
The naphtha usually has a boiling-range of 1(30 to 400°F. Dilu¬ 
tion is necessary for the subsequent operation of centrifuge 
dewaxing, and it also simplifies the handling of the stock during 
the acid treating and contacting operations. In addition, 
Trescott^® I'cports that the amount of dilution vitally affects the 
losses during acid treatment. In treating a Mid-Continent 
residuum (U.S. 130 at 210) with 30 lb. of acid per barrel, the 
losses were as follows: 


Per (!ent Naphtha 
in Solution 
None 
25 
50 
75 


Per Cent 
Treating Loss 
31 
23 
14 
14 


The decrease in loss is doubtless due to the fact that less oil is 
contained in the sludge if the stock is diluted. The neutral oils 
are usually contacted without diluting them, but they must be 
heated to a sufficiently high temperature to cause them to be 
fluid. 

Although the contact process yields excellent products, it may 
be more expensive®^ than percolation, particularly if an efficient 
clay-buming system is available. However, the cost of installing 
a complete percolation system is great, and contacting is probably 
the cheaper method for a new installation. In the contact 
process, the amount of clay that is required ranges from 5 to 
25 per cent of the weight of the oil. This amounts to 16 to 80 lb. 
per barrel. 

** Davis, L. L., Ref. Nat. Gaeo. Mfr.^ March, 1928, p. 90. 
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Percolation. —Percolation was the original method of decoloriz¬ 
ing lubricating oils, and until recently no other method of using 
(;lay was widely employed. Gurwitsch®^ says, 

The advantage of filtration consists in the better utilization and 
smaller expenditure of the adsorbent to produce a given degree of 
decolorization . . . the oil comes successively into contact with a 
great number of very thin layers of the adsorbent, the filtration is 
equivalent to an extremely fractionated mixing, and so its effect on the 
reversibly adsorbed substances must be greater than that of mixing, 
even when carried out in several operations with equal quantities of 
adsorbent. 

Regarding the percolation method, Funsten®^ says. 

Thus, percolation permits the manufacture of a wide Variety of oils 
at one time. White oils or petrolatums of varying degrees of refinement 
can be processed with it equally as well as cylinder oils. . . . Specialties 
can be made at little, if any, extra cost by selection of proper cuts from 
the filter stream. Waxes, gasoline, kerosene and furnace oil can be 
clarified with revivified pen^olation clay at extremely low cost, since 
yields are very large in this type of vrork. 

In general, for gravity flow, the longer the packed column the 
greater the bleaching action, the coarser the earth the less the 
bleaching, and the higher the temperature the less the bleaching 
(other conditions being comparable). Bauxites and fuller's earth 
are used almost entirely. The efficiency as a function of particle 
size is somewhat as follows: 


Mesh 

Per Cent Efficiency 

60-90 

100 

30-60 

87 

16-30 

72 


However, a 3(H)0 mesh material is most commonly used because 
it can be more easily handled. Although the temperature should 
not be so high that the oil drains through the clay with only a 
short time of contact, nevertheless viscous lubricating oil stocks 
must be heated or the rate of percolation will be hopelessly slow. 
Operating conditions®^ for a 1,000-cu. ft. filter are given in Table 
98 . 


Scientific Principles of Petroleum Technology,” 2d ed., D. Van 
Nostrand Company, Inc., New York, 1924. 

^ Ref, Nat, Gaso, Mfr,^ June, 1934, p. 201. 
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Table 98.—Operation of Filters 


Stock 

Saybolt 

viscosity 

Temp, of 
'filtration, deg. F. 

Rate of 
filtration, 
bbl. per hr. 
for a 1,000- 
cu. ft. filter 

Pressure 
filtration,’*' 
lb. per 
sq. in. 

Light spindles. 

Up to200Rt 100® 

80-100 

5-25 

0 26 

Heavy spindles. 

200-500 at 100® 

100-140 

5-15 

0-25 

Overhead or rojsidual cylinder 
stock. 

100-160 at 210® 

160 200 

2-10 

j 

16-60 

Naphtha solutions of cylinder 
stock. 


100-130 

I 

30-60 

.5-1.5 

Petrolatums. 

100-160 M.r.t 

25® above M.P.t 

5^ 20 

0-15 

Waxes. 

100 160 M.P. I 

25® above M. P.1 ’ 

5-20 

0 15 


* I’res8ur<‘s in tlio higher range are recjuired wliere 00-lX) mesh earths arc used, 
t Melting-point. 


The stock may be acid treated before per(;olation, but it is 
usually neutralized before it enters the filters. The percolators 
should be insulated to promote a constant rate of flow. The (^lay 
is washed witli 56 A.P.L, or lighter, nai)htha to reinoye the oil from 
the clay. The filter is then steamed, and tlie clay (*an be removed 
by allowing it to flow from the bottom of the percolator. An 
important (jonsideration is the recovery of oil from spcuit filters by 
washing with naphtha and steam. The viscosity of the oil, 
amount of naphtha for wa.shing, rate of draining, recycling of 
naphtha, and other factors related to the recovery of oil have been 
thoroughly discussed by Ridgway, Henderson, and Ross.®® 

The throughput of percolators cannot be definitely stati^d 
because of the differences in stocks, differences in clays, and th(i 
degree of decolorization that is practiced. In a general way, 8 to 
21 bbl. of finished-color motor oils can be filtered per ton of clay. 
For lighter finished colors, the capacity ranges from 4 to 8 bbl. per 
ton, and for darker finished oils, such as dark-red oils and cylinder 
stocks, as much as 25 bbl. per ton may be filtered. Funsten®^ 
reports that rates of 40 to 50 bbl. per hour can now be obtained. 
As high as 32 bbl. per ton of cylinder stock in the form of 50-50- 
600° stock solution has been filtered through new clay. 

The burning of clay is conducted at 1100 to 1200°F. The 
average efficiency of mixed clay that has been burned from one 

“Ot7 Gas J., Nov. 18, 1938, p. 154; or Annual Meeting, A.P.I., Chicago, 
1938. 
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to six times is about 60 per cent. In general, the clay may be 
burned six to eight times in Moore, Brockway, Rotary, and 
Kuebler burners and as many as forty times in the Nichols-Herres- 
hoff burner. However, it Is not usually economical to burn the 
clay more than ten or fifteen times in the Herreshojff burner. 

In general, the refiner uses new clay for light-colored low- 
viscosity lubricating oils, and the heavy oils with a darker allow¬ 
able color are decolorized by this same clay after it becomes unfit 
for decolorizing light oils. Thus the various used clays progress 
through the plant in a countercurrent manner so that the new 
earth meets light-colored stocks and the nearly spent earth 
meets dark-colored stocks. 
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CHAPTER XXVII 


SOLVENT TREATING OR EXTRACTION PROCESSES 

Although the use of solvents for treating and dewaxing has been 
proposed for many years, not until about 1933 did commercial 
operations appear. Prior to that time the recovery of the solvent 
had been so ineffective that commercial developments were not 
feasible. The general purpose of the solvent processes is to 
separate a general group of offensive materials or hydrocarbons 
from the oil. As examples, propane deasphaltizing removes 
dark-colored resinous materials; liquid sulfur dioxide extracts 
unsaturated and aromatic hydrocarbons from kerosene; the 
Solutizer process removes mercaptans from gasoline; and furfural 
(and other agents) treating produces lubricating oils of high 
Viscosity Index. 

Just as vacuum distillation permits the processing of black 
crude oils for lubricants, so the solvent processes tend to erase the 
old crude oil marketing system by which only a few crude oils 
were considered satisfactory for lubricant manufacture. By 
solvent methods, the original properties of the oil can be changed 
so that a uniform grade of oil can be manufactured from a wide 
variety of crude oils. Of the many^ processes that have been 
proposed it now appears that the furfural,^ Duo-Sol,^ Phenol,^ 
Edeleanu,® and Propane® processes have established their useful- 

1 Chlorex — Bahlke, Brown, and Diwoky, Oil Gas Oct. 26, 1933, p. 60; 
nitrobenzene —Meyers, W. A., Oil Gas J., Mar. 19, 1936, p. 81; croionalde- 
hyde and acrolein —Poole and Wadsworth, Ref. Nat. Gaso. Mfr., Novem¬ 
ber, 1933, p. 412; aniline — Chappell and Ziser, U.S. Pat. 1,741,555, 
Dec. 31, 1929; others — ^Kalichevsky, V. A., Modern Lubricating Oils,” 
Reinhold Publishing Corporation, New York, 1938. 

* Bryant, Manley, and McCarty, Oil Gas /., May 16, 1935, p. 50. 

* Tuttle, M. H., Ref. Nat. Gaso. Mfr., June, 1935, p. 289. 

♦ Stines, D. E., Oil Gas /., Mar. 19, 1936, p. 75. 

^ Cottrell, O. P., Oil Gas /., Nov. 30, 1933, p. 64. 

• McCleur, Dickinson, and Forrest, Oil Gas J., Oct. 27, 1938, p. 174; 
and Nov. 18, 1938, p. 209; also Bahlke, Thiele, Adams, and Ginsberg, 
Oil Gas /., July 22, 1937, p. 44, 
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ness. The total capacity of lubricating oils now (1941) being 
processed by solvent extraction in the United States well exceeds 
100,000 bbl. per day. 

General Processing. —The physical pi-operties of the solvent 
govern to a large extent the general type of processing that must 
be employed. Thus, low temperatures and high pressures are 
advisable in handling such solvents as liquid propane and litiuid 
sulfur dioxide; the partial solubility and the formation of a con¬ 
stant-boiling mixture in the system furfural-water recpiire an 
intricate distillation system; and the high boiling-points of nitro¬ 
benzene, furfural, and eresylic acid necessitate the use of a 
vacuum in the distillation of these materials fi*om oil. Propei ties 
of the principal solvents are given in Table 99. 


Table 99 .— Propehties of Kxthac’tion Solvents 



iJoil- 

iuR- 

I»oiiit, 

d<‘«. F. 1 

Alelt- 
iuK- 
point, 
de«. F. 

! 

Specific 

gravitj' 

Spedfic 
heat, 
B.t.u. per 
lb. 

Heat of 
vapori¬ 
zation, 
B.t.u. 
per 11). 

Solubility in 
water, 
per cent at 

77''F. 

100®F. 

Furfural (furfur.al(l«‘hy<l«‘)., . . 

32.3 

- .3 4 

1 .162 

0.416 

103.5 

8.5 

9.0 







(4.0 water in 

Cresylic add (Duo-Sol 






fur.) 

proof *ss). 

365— 


1.045 

0.5.3 

180 

2.5 



•UK) 






I 3.1 

Phenol. 

361 

106 

1.072 

0.56 

206 

0 (* 

o at 







151 

“F.) 

Sulfur dioxide. 

14 

-105 

1.45 

0.32 

167 

|fl0at32®F.) 5 

Chlorex dichloroethyl 


i 




1 

1 

ether). 

.352 

- 61 

1 222 

0.37 

115 

1.1 (1.7 at 







194®F.) 

Nitrobenzene. 

411.5 

42.5 

1.207 

0.34 

142 

0.2 1 

1 0.25 

Propane. 

- 44 


0.51 

0.6 

18.3 

aliaht 


I 



0.47 vap. 




Benzene. 

175 

42 

0.80.5 

0.41 

170 

0.07 



Only a minor part of the total equipment in a solvent treating 
plant is devoted to the extraction operation. Elaborate equip¬ 
ment is required to distill the solvent (or oil) from the extract and 
raffinate solutions, to separate the last traces of solvent from the 
finished oils, and finally to recover the solvent from many sources 
and purify it. Thus, the design of solvent treating equipment 
resolves itself to a large extent into the design of equipment for the 
common operations of fractionation, absorption, stripping, etc.. 
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by methods that have been discussed in other chapters. Several 
general processing steps are used: 

1. Dry or deaerate the charge-stock. Water hinders the action 
of phenol, and air is troublesome with gaseous solvents such as 
sulfur dioxide. 

2. Extraction with solvent The countercurrent method of con¬ 
tacting is used universally except for such special cases as the 
single contact used in propane deasphaltizing. The theory of 
liquid-to-liquid extraction was discussed briefly on pages 275, 
280, Chap. XV. 

3. Separation of hulk of solvent from oil. This is accomplished 
by heating and fractionating or evaporating. This is usually a 
simple operation because the oil and solvent have greatly different 
boiling-points, but the separatiofi of gasoline and sulfur dioxide is 
an exception. A vacuum is used for the liighest boiling solvents, 
but a simple atmospheric flash suffices for propane. 

4. Purification of oil. The oil is freed from last traces of the 
solvent by steam stripping or, if water is troublesome, by vacuum 
flashing. 

5. Purification of solvent This may involve the removal of 
water as in the case of furfural, the separation of solvents from one 
another in case several solvents are used, or the separation of 
tars, etc., as in the Duo-Sol process. 

A discussion of solvent processes is not complete or of much 
value without illustrations of the properties of . the oils that are 
produced. Nevertheless, space does not permit such a discussion 
in this book, and hence the reader must resort to the current 
literature and the references given here. 

Edeleanu Process. —This pioneer (1907) solvent process is the 
only one that has been applied wideh^ to light distillates such as 
heavy naphtha, kerosene, and gas oil.^ At the boiling-point of 
sulfur dioxide (14°F.), aromatic and unsaturated hydrocarbons 
are completely miscible with liquid sulfur dioxide but the paraffin 
and naphthene hydrocarbons are not. The process is used as a 
means of treating light distillates, but it cannot be utilized for 
high-boiling oils because their solubility in sulfur dioxide is too 
low. Lubricating oils can be treated, however, by using a mixed 
solvent of benzene and sulfur dioxide. Sulfur dioxide also 
extracts cyclic sulfur compounds and nitrogen compounds, a 

^ Dunstan et a/., **Science of Petroleum,” Vol. Ill, Oxford University 
Press, New York, 1938. 
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property that makes the process useful in handling certain high- 
sulfur kerosenes. 

The process has been applied to kerosene to improve the smoke 
point and for desulfurization.’ It is applied to selected naphthas 
for the recovery of high-octane-number l:>lending stocks and for 
tlie recovery of lacquer diluents (aromatic hydro(*arbons).* 
Diesel fuels of high Diesel Index and ignition qualitj’^ can be made 
from selected gas oils. 

In treating kerosene the stock is first deaerated by exposure to a 
vacuum. The kerosene and liquid sulfur dioxide are then cooled 
by exchangers and coolers to 15 to 20°F. and contacted by 
countercurrent flow through a tower packed with rings. The 
cold raffinate and the cold extract are each passed through their 
respective exchanger and multiple-effect evaporator systems for 
the recovery of gaseous sulfur dioxide. The first stage of tlu^ 
evaporators operates at about 150 lb. per square inch and at 150 
to 170°F., but the last stage is maintained at about 25 mm. pres¬ 
sure. The gaseous sulfur dioxide is compressed and condensed to 
a liquid. 

The amount of solvent used depends upon tlie stock being 
handled, but in general it is about equal to the charge-sto(*k. 
This results in an extract containing 10 to 20 per cent oil and a 
raffinate containing 15 to 20 per cent sulfur dioxide. Equilibrium 
curves for several stocks are given in “Science of Petroleum.^’’ 

The sulfur dioxide-benzene process® is the only mixed-solvent 
process that will be mentioned. It is widely used and derives 
much of its value from the ease with whicdi the solvent can be 
recovered and purified. The processing is generally similar to 
that described for the liquid sulfur dioxide process. Sulfur 
dioxide-benzene may also be employed for dewaxing.® 

Furfural Process. —^The use of furfural for lubricating oil manu¬ 
facture has recently been gaining in comparison with other 
solvents. Furfural is relatively cheap; it possesses a reasonable 
extraction efficiency; and adequate raw stocks are available for 
its manufacture. 

The yield of high-viscosity-index raffinate varies with the 
stocks being treated but Is about 70 per cent for intermediate-base 
stocks and 95 per cent for paraffin-base stocks. Yields from 

* Saeqebarth, Broggini, and Steffen, Ref. Nat. Gaso. Mfr., June, 1937, 
p. 256. 

• Anon., Oil Gas J., Dec. 29, 1938, p. 131. 
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naphthene-base stocks are lower (65 per cent), and the Viscosity 
Index is necessarily low.2*'’' The general equilibrium relation 
between furfural and oil is indicated in Fig. 92 (page 279). Tem¬ 
peratures of 150 to 250°F. are employed, but most plants ai e 
operating at about 200°F. The amount of solvent employed also 



varies, but two parts of solvent per part of oil have been used in 
many operations. 

The type of plant is indicated in Fig. 184. Contacting is 
effected in a countercurrent-flow tower, which may be packed 
with wood slats. A higher temperature is maintained at the top 
than at the bottom of the tower, and an enhanced degree of 
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solvent-fractionation is attained thereby. The refined oil mix 
(raffinate solution) contains so little solvent that it can be puri¬ 
fied by heat-exchange and vacuum steam stripping, but the 
extract solution requires a pipestill and atmospheric flashing as 
well as vacuum stripping. The furfural-water equilibrium sys¬ 
tem involves partial insolubility, and the formation of a constant- 
composition constant-boiling-point mixture at 97.9°C. The 
mixture contains 34 per cent furfural by weight. At room tem¬ 
perature this mixture separates into a furfural-rich solution 
containing 96 per cent furfural and a water-rich solution contain¬ 
ing 8 per cent furfural. Thus, the constant-boiling mixture is 
separated into two solutions in the top of the furfural frar*tu>nator 
of Fig. 184—and the furfural-rich solution is freed from wat(‘i- 
in a .separate steam stripper that rec(‘ives heat from the hot 
furfural vapor produced in the extract distillation. 

The cost of operation^ranges from 9 to 17 cts. pea* barrel of 
oil charged to tlie plant, and the respective costs ^ are somewhat as 
follows: 

IVr Cent 


Operating: 

Labor. 21,0 

Material, supplies, etc. 1.9 

Fuel. 28.6 

Steam, power, water. 28.4 

Repair: 

Labor. 1.1 

Materials and supplies. 1.5 

Furfural loss. 17.5 


The installation cost® ranges from $200,000 for a 600-bbl. plant to 
$500,000 for a 3,800-bbl. plant. 

Duo-Sol Process. —Tliis is the only double-solvent process 
which has been used extensively. Two nearly immiscible sol¬ 
vents are employed. One of these (propane) dissolves paraffinic- 
hydrocarbons, and the other (cresylic acid or “Selecto’^) dls.solve.s 
naphthenic hydrovarhouH. The two solvents are used in a 
countercurrent .system of flow, and the feed is introduced at an 
intermediate point in the flow .system. In one end of the extrac¬ 
tion system the outgoing cre.sylic acid solution is stripped of 
paraffinic material by pure propane, and in the other end the 
outgoing propane solution is stripped of naphthenic material by 

^®8moley, Schutte, and Davls, Oil Gas J., Nov. 10, 1938, p. 37. 
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pure cresylic acid. Thus, a true countercurrent stripping opera¬ 
tion is maintained, although the extraction is conducted as a series 
of countercui rent batch eontacting and settling operations. A 
diagram of the process is shown in Fig. 185. The extractor is not 
shown in detail. It consists of nine settlers or compartments. 
The heavy cresylic acid solution is pumped from one compart¬ 
ment to the next, and the propane solution is also pumped; but 
in a countercurrent manner. The feed is introduced in compart¬ 
ment 3 nearest the end at which propane is introduced. 


Propane rapor 



Fig. 185.—Diagram of Duo-Sol process. (Afax B. Miller and Company, Inc.) 


From 125 to 400 per cent ^‘Selecto’^ (based on charge-stock) is 
employed, depending upon the stock, and 150 to 400 per cent 
propane. In general, the naphthenic stocks require more pro¬ 
pane, and the paraffinic stocks require more ^'Selecto.'^^ Con¬ 
tacting is accomplished at about 85®F. 

The Propane Processes. —Propane assumes significance as a 
solvent because it is useful in so many ways. It extracts paraf¬ 
finic hydrocarbons from oil, or inversely it precipitates asphaltic 
or resinous materials; it is used as one of the solvents in the Duo- 
Sol process; it is used for dewaxing; and it greatly facilitates 
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treatment with sulfuric acid. By utilizing a series of these 
processes, as deasphaltizing followed by acid treating and by 
dewaxing, it is possible to avoid a number of the costly solvent- 
removal operations that would be necessary if several different 
solvents were employed. The low-boiling-point of propane 
facilitates its separation from high-boiling oils, and refrigeration 
for dewaxing can be obtained by evaporation of the propane. It 
is exceedingly fluid, and hence the separation of liquids and wax is 
simplified. Finally, it is a cheap material, and most of the plant 
losses can be recovered in the regular gas recovery system. 

A system for deasphaltizing and acid treating in propane solu¬ 
tion® is shown in Fig. 186. This plant was used to process a very 
heavy mixed-l)ase residuum (18 A.P.I.) for the manufacture of a 
32.5 A.P.I. green-cast cylinder stock. The advantages in acid 
saving, yield, etc., are evident in the following comparison of 
regular acid treating and the new procedure: 

Table 100.— Utilitieh, Chemicals, and By-products of Propane Ac id 

Treating 

Per 100 gal. of unpcreolated wax-bearing green-cast stock 



Old 

procedure 

New 

procedure 

Fuel oil, gal. 

Steam (live), lb. 

Steam (exhaust), lb. 

20 

2,845 

395 

None 

1,040 

365 

Electric power, kw.-hr. 

12 

None 

Acid, lb. 

420 

40 

Caustic, lb. 

1.5 

4.2 

Acid sludge, gal. 

111 

21 

Asphalt, gal. 

0 

20 

Sion oil. irn.1... 

1 

0 


7.5 

0 



Deasphaltizing is applied primarily for the separation of small 
amounts of dark-colored asphaltic materials—and thus may or 
may not result in an oil product that is a superior lubricating oil, 
depending upon the characteristics of the raw stock. At 80 to 
160°F. propane precipitates asphaltic material in small amounts.^ 
The amount of propane used amounts to two to ten times as much 
as the charge-stock. The process consists simply in mixing the 
oil and propane and allowing the a.sphalt to settle. By a series of 
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settlings at increasing temperatures it is possible to precipitate 
awsphalt followed by lighter and lighter petroleum resins. 

Other Processes. —Although many other processes deserve 
attention, particularly the Chlorex,^ Phenol,'* and Nitrobenzene* 
processes, space does not permit a discussion of them. The use¬ 
fulness of the processes discussed in this chapter appear to be well 
established, particularly by the amount of oil being processed, but 
all the solvent processes are so new tliat further research and 
economic investigations will be necessary in order to estal)lish 
the relative importanc’e and special advantages of the se\^eral 
processes. 
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CHAPTER XXVIII 


DEWAXING 

The solid materials that are found in high-boiling petroleum oils 
can be classified into two general types, viz., crystalline wax and 
amorphous wax. Crystalline wax is found in wax distillate 
(paraffin oil), and amorphous wax, or petrolatum, is found in 
cylinder stock. In reality, both materials are crystalline, but th(‘ 
crystals in the petrolatum stock tend to be small, so that the 
petrolatum behaves physically as a colloidal or jellylike material. 
The crystalline nature of all waxes is evident in the several 
newly developed solvent dewaxing processes. In these the 
so-called amorphous wax can be successfully collected on filters. 

The crystalline wax that is found in wax distillate can be 
filtered from the oil; but amorphous wax is sticky, and it quickly 
plugs the pores of a filter cloth. 

Composition of Paraffin Wax.—The waxes extend throughout 
the entire boiling-range of the lubricating oil stocks. Attempts* 
to separate wax from oil by fractionation have met with no 
success. Buchler and Graves^ have studied the wax-bearing 
stocks of Salt Creek, Wyo., crude oil. All of these stocks, 
paraffin wax, slop wax, petrolatum, and sucker rod wax, wen^ 
found to consist mainly of the same series of hydrocarbons, and 
the authors concluded that the waxes consist of the normal paraf¬ 
fin series. They also isolated a material that they call ‘‘soft 
wax,^’ and they attribute the different pressing characteristics of 
wax stocks to the amount of soft wax that each stock contains. 
They believe that paraffin distillate contains small amounts of* 
soft wax and that petrolatum stocks contain a large amount. 
Ferris, Cowles, and Henderson* have also made a thorough 
examination of wax-stocks by the repeated crystallization of 
high- and low-melting-point waxes. They obtained six different 
melting-point waxes. Part of each of these waxes came from 
both high- and low-melting-point wax-stocks, and hence it is 

' The Petroleum Waxes, Ind. Eng. Chem., 19 , 718 (1927). 

• Composition of Paraffin Wax, 7nci. Eng. Chem.y 21, 1090 (1920). 

626 



DEWAXING 


627 


clear that some of the same hydrocarbons are present in both 
high- and low-melting-point waxes. They found no soft wax, as 
reported by Buchler and Graves. The six waxes ranged in melt¬ 
ing-point from 84 to 140°F., and all had approximately the same 
boiling-point. These authors conclude that petroleum waxes 
consist mainly of normal paraffin hydrocarl)ons and that the rest 
of the material consists of isomeric branch-chain hydrocarbons. 
Others* found small amounts of cyclic compounds in the samples. 
Clark and Smith^ studied the wax fractions that were prepared by 
P'erris and others^ by X-ray diffraction patterns, and they con¬ 
cluded that the wax consi.sted of about 65 per cent n-paiaffin 
hydrocarbons and at least 20 per cent isoparaffin materials. 

Crystallization of Wax.—Three theories have been proposed 
to explain the manner in which wax crystallizes or fails to crystal¬ 
lize. Zaloziecki® proposes the proto-pyro-paraffin theory, which 
states the existence of an amorphous wax that probably consists 
of branch-chain hydrocarbons. This amorphous material decom¬ 
poses into a crystalline variety upon heating at mild cracking 
temperatures. The theory was probably developed because at 
that time a so-called ‘‘cracking distillationwas thought to be 
necessary if a pressible wax distillate was to be obtained. Gur- 
witsch® suggests that the crystalline behavior of wax-stocks is 
dependent upon the properties of the crystallizing medium. If 
the oil is viscous, the crystals will be small and an amorphous 
wax results; whereas if the oil is fluid, the crystals are large and a 
pressible type of wax results. In addition, he believed that 
bituminous or high-boiling materials inliibit the crystallization 
of wax. It is found that a careful separation of high-boiling 
asphaltic materials by fractionation does cause the formation of a 
more crystalline wax. The third theory of wax crystallization, 
that of Buchler and Graves,^ has already been discussed. Still 
others attribute the differences in the waxes to the presence of 
impurities, perhaps the soft wax of Buchler and Graves,^ which 
results in different surface-tension properties. 

Perhaps all of the theories outlined above are related, in part, 
to the crystalline condition that a wax may exhibit. A more 

« Mair and Schicktanz, Ind. Eng, Ckem.^ 28, 1056 (1936). 

* Ind. Eng, Chem., 23, 697 (1931). 

* Z. angew. Chem.^ 3, 126, 318 (1888). 

•“Scientific Principles of Petroleum Technology,” 2nd ed., D. Van 
Nostrand Company, Inc., New York, 1924. 
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complete study of wax crystallization is given on page 635, under 
the heading of pressibility of wax-stocks. 

Three crystalline forms of wax are generally recognized, viz.^ 
plate form, needle form, and mal, or imperfect, crystal formations. 
The plate form of crystal is necessary for good pressing character¬ 
istics, but the needle form is necessary for the sweating operation. 
The plates apparently *^roll up,’’ or fold, into the needle type of 
crystals. Davis and CampbelF have studied the crystalline 
structure of 13 fractions of wax oil. The fractions were obtained 
by a true-boiling-point distillation of a Mid-Continent wax 
distillate. The properties of the fractions are given in Table 101. 


Table 101. —Fractions of Wax Oil 


Frac¬ 

tion 

No. 

Per cent of 
crude at 
end of 
fraction 

Uni¬ 
versal 
vis. 
at 100 

Temperature, 
deg. F., at cut 
point, approx. 

Pour- 

point, 

deg. 

F. 

Per 
cent 
wax by 
weight 

Melting- 
point 
of wax, 
deg. F. 

Crystalline 

structure 

At 

3 mm. 

At 

760 mm. 

1 

68.2 

40 

358 

680 

3 

0 


None 

2 

00.4 

61 

377 

700 

36 

7.2 

96 

Few plates 

3 

62.6 

66 

402 

727 

63 

9.1 

106 

Plates 

4 

64.8 

75 1 

420 

752 

58 

9.3 

112 

Plates 

5 

67.0 

89 

442 

773 

66 

7.4 

124 

Plates 

6 

69.2 

115 

460 

789 

76 

10.8 

128 

Plates 

7 

71.4 

152 ! 

478 

813 

85 

10.1 

132 

Partly malforu 

8 

73.6 

200 

499 

832 

89 

9.7 

. 137 

Partly malforu 

9 

75.8 

258 

520 

862 

95 

9.2 

142 

Malform 

10 

78.0 

330 

541 

886 

98 

8.7 

145 

Malforni 

11 

80.2 

400 

667 

015 

102 

9.5 

146 

Malform 

12 

82.4 

480 

598 

950 

106 

6.8 

145 

Malform 

13 

84.0 

470 

626 

978 

108 

5.2 

149 

Plates 


The clean-cut crystals appearing in fraction 13 were probably due 
to decomposition during the distillation of the last fraction. 

The fractions were blended together as follows: 1 to 6 inclusive, 
I to 7, 1 to 8, etc., including all the cuts. The size of the crystals 
was progressively smaller and smaller as cuts were added, but 
with the exception of blends 1 to 12 and 1 to 13 the crystalline 
size and form were satisfactory. The approximate end-points, 
at atmospheric pressure, of the blends were as follows: 780, 798, 
819, 830, 851, 872®F.; and for the two unsatisfactory blends (1 to 


^ Oil Gas /., May 25, 1933, p. 49. 
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12 and 1 to 13), 893 and 921°F. Thus it appears that wax oils 
having end-points exceeding about 860°F. arc not satisfactory, 
and many refiners have found it advisable to limit the end-point 
, to 835°F. Nevertheless, other factors, such as the characteristics 
of the oil, the degree of fractionation, the viscosity, and the 
amount of cracking, doubtless alter the allowable end-point for a 
pressible stock. 

Pressing and Sweating.—Most refiners still (1940) use the 
pressing and sweating processes for removing and producing wax 



Fio. 1S7.— Diagram of the operations of pressing and sweating (double pressing). 


from wax distillate, but solvent processes are gaining recognition. 
A mixture of wax and oil, called slack wax, is obtained from the 
filter presses, and the slack wax is frozen into a cake and allowed 
to warm slowly so that the oil drains from the cake. Figure 187 
shows the general processing scheme for conducting these two 
operations. Most modern plants, particularly when manufactur¬ 
ing low cold-test oils, use direct expansion of ammonia for chilling 
the stock, but many older plants circulate brine through the 
chillers. 

The double-pipe chilling machine has been adopted almost 
exclusively for chilling wax oil. This machine is constructed 
much as a double-pipe cooler except that a revolving-screw or 
> ribbon-type conveyor turns in the inner pipe. The conveyor 
scrapes the congealed wax from the walls of the pipe and moves it 
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through the machine. The common size of chiller has a 6-in.- 
diameter inside pipe and an 8-in.-diameter outside pipe. The 
chilling machine is built of several sections or lengths of pipe 
arranged in stacks usually five to eight sections high. The con¬ 
veyors for each stack (or for two stacks) are actuated by a com¬ 
mon chain drive. Thus 24 sections of chiller can be arranged in 
four stacks, each stack 6 sections high, and with two cliain drives. 
Sometimes the conveyors are actuated by a single motor so that 
if one section should freeze or plug, the large motor will have 
sufficient power to break the wax in the frozen section. How¬ 
ever, this practice often causes damage to the machine, and it is 
usually necessary to take a frozen chiller out of service and warm 
it. 

The rate of cooling is greatly dependent upon the effectiveness 
of the scrapers, particularly the amount of mixing that occurs. 
If the scraper fits poorly, the rate of heat-transfer drops to the low 
values of 2 or 3 B.t.u. per square foot per degree Fahrenheit per 
hour. With (closely fitting scrapers that mix the wax into the oil, 
rates of 16 B.t.u. have been recorded. Commonly accepted 
values of the transfer rate are: 


Type conveyor 

Cooling conditions 

Transfer rate, 
(B.t.u.)/(deg. 

F. diff.) 
(sq.ft.) (hr.) 

Screw. 

Brine circulation 

4-5 

Screw. 

Direct expansion 

7-10 

Ribbon. 

Direct expansion, nonturbulent flow 

8-12 

Ribbon. 

Direct expansion, turbulent flow, and 



recirculation 

15 


Thus a section of chiller having a surface of 55 sq. ft. will be^ 
able to cool 12 to 18 bbl. of wax oil per day through the customary 
range in temperature. The higher capacity is for chilling the oil 
to 10 to 15®F. when some heat-exchange is used, and the lower 
capacity is for cooling to 15®F. without exchangers or to 0° with 
exchangers. Manufacturers of refrigeration equipment should be 
consulted concerning an actual installation. 

Two kinds of plates are used for filtering the chilled wax oil. < 
One is a recess type of plate (permanent ring), and the other 
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consists of a flat plate and a spacer ring (loose-ring type) (Fig 
188). It is claimed that the blanket on the permanent ring plate 
is worn by the tool that is used to pry the plates apart. The 
loose-ring plate is less expensive, but the riveted spreaders must 
be removed each time that the canvas is replaced, and many 
refiners feel that the ring involves needless handling. Plates are 
manufactured in diameters of 27, 36, and 48 in., but the 48-in. 
plate is used almost exclusively. Each plate has a hole in the 
center which allows the chilled oil to flow through the entire 
length of the press to every plate. Special canvas (12-0) filter 
cloth is sewed around each plate, and in the loose-ring type the 
‘^blanket” is also fastened to the plate by riveted spreaders. 
The wax remains on the cloth, and the oil flows down the plate 
and around the edge of the plate to the bottom. The pressure at 
the end of the pressing operation seldom exceeds 450 lb. per 
square inch, and the common drying-offpressure is 350 lb. 
Ten or twelve plates require a foot of length, and the presses are 
normally assembled with 250 to 500 plates in a press. The 
capacity of the press is greatly dependent on the properties of 
the wax oil, such as the wax content, the crystal structure, and 
the pressing temperature (page 636). For a normal stock that 
contains 5 to 8 per cent wax and for single-pressing operation, one 
or two 48-in. plates are required for each barrel of Pennsylvania oil 
that is pressed per day and two or three plates for a Mid-Conti¬ 
nent oil. Even lower capacities are common with double-pressing 
operation or if the stock contains a large amount of wax. The 
amount of slack wax that is obtained from the presses is far 
greater than the 5 to 8 per cent finished wax and may in some 
cases amount to 30 per cent of the wax distillate. 

Low-pour-point oils are becoming more and more common. 
These oils require a low pressing temperature, and the rate of 
filtration is much slower. In general, the stock should be chilled 
to 5 to 10®F. below the desired pour-point for single-pressing 
operation, but for a double-pressing operation the stock need not 
be chilled to such a low temperature. One refiner reports that 
zero-pour-point oils can be obtained by pressing at +5®F., and 
another reports a temperature of — 8®F. The difference doubt¬ 
less arisas because of differences in the fractionation of the stocks 
and in the crystalline condition. Direct expansion of ammonia is 
advantageous for the obtainment of these low temperatures. 
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When brine is used as the cooling medium, two temperature 
differences are involved and the ammonia temperature must be 
much lower than when direct expansion is used. 

The operation of sweating consists of cooling the slack wax to a 
congealed mass and slowly heating it to temperatures of 100 to 
140®F. The wax is heated in long shallow pans, usually about 
10 ft. wide, 40 or 50 ft. long, and sufficiently deep to hold a 5- to 
7-in. cake of wax. A flat perforated metal sheet or a 50-mesh 
screen lies across the bottom of the pan. A pipe coil for cooling 
and heating lies just above the screen. The pans are arranged, 



Fig. 189.—“Spudding” a wax press. (Carbondale Machine Company.) 


one above another, in stacks of about eight and housed in a build¬ 
ing or oven. The oven has steam coils along the walls to aid in 
maintaining uniform temperature conditions within the oven. 

, In conducting a sweating operation, cold water is turned into 
the pans up to the screen and circulated through the coils above 
it, and slack wax is pumped into the pan. The wax solidifies into 
a cake, and the water is withdrawn, leaving the cake on the screen. 
The temperature is then gradually increased by circulating 
warmer and warmer water through the coils in the cake and by 
passing steam through the coils on the walls of the oven. If the 
wax is in the proper condition, it gathers into well-defined needle 
crystals, and the oil sweats or drips from the wax cake. The oil 
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is called foots oil, and it may be returned directly to the wax 
distillate or it may be resweated for the recovery of additional 
wax and a less waxy foots oil. Often the oil from the wax cake is 
collected in two portions, the first, foots oil, and the second, inter¬ 
mediate wax. In making 118®F. melting-point wax, the inter¬ 
mediate wax may be resweated with the slack wax, but more 
frequently it is sweated separately. The intermediate wax from 
a high-melting-point sweating operation often contains as much 
as 50 per cent slack wax. The resweating of intermediate wax 
can be economically conducted in a tank that contains several 
layers of water coils, because the wax sweats well and a very thick 
cake is possible. Very low-melting-point waxes are usually made 
by resweating the foots oil. 

The rate of heating is greatly dependent on the uniformity of 
temperature within the cake. With circulating water as the main 
heating medium, the total time for the sweating cycle is about 
30 or 40 hr. The exact time depends upon the melting-point of 
the wax that is being produced, the crystalline characteristics, 
and the uniformity of temperature throughout the cake. For 
110 to 112°F. melting-point wax, only 24 to 36 hr. are required, 
but for 120®F. wax the time is 35 to 45 hr. The use of automatic 
temperature-control instruments is an advantage in maintaining 
a uniform cycle of heating. 

The total time for the sweating cycle is not proportional to the 
melting-point of the wax because about 16 hr. is required for the 
charging, cooling, and melting operations. The melting-point 
of the crude scale wax is about the same as the maximum tem¬ 
perature attained in the sweating operation. The resweating of 
intermediate wax does not take so long because the cake is more 
porous. L. D. Wyant® has made a systematic study of wax 
sweating. He concludes: 

1. Super chilling the wax cake before starting to sweat does not increase 
the yield or quality of wax produced. 

2. Extremely slow chilling allows or causes paraffin wax to segregate 
into patches or blocks throughout the slack wax cake. 

3. In chilling a wax cake before starting it to sweating, all the material 
should be chilled to at least a complete semi-solid mass; however, 
additional chilling is a loss of time in cycling.^ 

* Separation of Wax from Distillate, Oil Gas Oct. 2, 1924, p. 224. 

• Author’s note: Most refiners find that the wax cheese must be perfectly 
solid before starting the sweating operation or the yields are poor. 
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4. No advantage compatible with the cost is gained by extremely rapid 
chilling. 

5. Local overheating, if of only a few (2 or 3) degrees difference, has an 
appreciable effect on a sweating wax cake. 

6. Water coils arranged so heated water can circulate through the 
sweating wax cake decreases the cycling time required for sweating. 

In a study of the recovery of wax that was obtained by several 
Mid-Continent refiners, he found that the recovery of wax varied 
greatly. The efficiency of the sweating operation ranged from 
23 to 85 per cent and averaged about 50 per cent. Donnell and 
Burch^*^ find that slack waxes containing more than 50 per cent oil 
yield little crude scale whereas at 20 per cent oil the yield of scale 
is 52 per cent. 

The crude scale has a slightly yellow' color. This discoloration 
may be removed by treating the molten w^ax with acid (or some¬ 
times dilute caustic solution) in an agitator, but filtration through 
fuller^s earth is all that is normally required. 

Pressibility of Wax Stocks. —The rate at which wax stocks can 
be pressed is of prime importance to the refiner. By slight 
changes in the operating conditions, a wax distillate may be 
produced that presses very slow-ly or cannot be pressed at all. 
Some factors that affect the pressibility of a wax oil are 

1. Viscosity. 

2. Fractionation. 

3. Distillation range. 

4. Wax content. 

5. Crystal structure. 

6. Extent of cracking. 

Viscosity. —The pressing qualities of wax oils from the same 
crude oil are somew^hat dependent on the viscosity. The higher 
the viscosity the slower the rate of pressing. Wax oils that are 
pressed without dilution usually have a viscosity between 55 and 
75 sec. Saybolt at 100®F. Higher viscosity oils‘^ have been 
pressed, but usually they are diluted with heavy naphtha to a - 
viscosity of about 60 sec. The use of naphtha permits single- 
pressing for stocks that w^ould otherwise require double-pressing. 

Experimental Control . . . Sweating, Ref. Nat. Gasg. Mfr., November, 
1938, p. 603. 

“A 110 viscosity distillate is being pressed without dilution by one 
company. 
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The viscosity at the pressing temperature is of more interest, 
than the viscosity at 100°F. Davis and Campbell^ report viscosi¬ 
ties at the pressing temperature of 1,200 to 2,100 sec. (Table 102). 

The pressing qualities of a distillate are also dependent on other f 
factors than the viscosity, so that the several factors must be 


Table 102. —Pressing Tests 


Pressing stock No. 

1 

2 

3 

4 

5 

6 

7 

Gravity, A.P.I. 

34.2 

32 

! 31 

31.4 

31.7 

31.6 


Flash-point, deg. F. 

90 

170 

1 360 

280 

320 

315 


Viscosity of distillate at lOO^F. 

63 

70 

j 94 

66 

68 

75 

100 

Cold test, deg. F. 

66 

68 

74 

42 

56 

80 


Distillation-range at 40 mm., 
deg. F. 










256 

450 

256 

312 

306 


10 per cent. 

344 

312 

476 

305 

394 

416 


20. 

466 

350 

403 

416 

426 

445 


30. 

494 

473 

509 

436 

453 

469 


40. 

511 

498 

525 

461 

479 

491 


50. 

527 

518 

541 

400 

503 

513 


60. 

544 

539 

557 

524 

523 

533 


70. 

564 

561 

573 

557 

543 

554 


80. 

588 

585 

503 

590 

562 

580 


90. 

622 

611 

615 

625 

590 

616 


End-point. 

648 

632 ' 

637 

643 

625 

652 


End-point, 760 mm. 








approx. 

862 

844 , 

849 

859 

835 

870 


Wax content, per cent. 

8.75 

6.75 

7.66 

1.58 

5.77 

4.8 


Melting-point of wax, deg. F.. 

118 

123 

123 

119 

124 

123 


Per cent raw 200 via. neutral. 

Pressing characteristics: 

50 

48 

50 

51 

33 

39 


Pressing temp. 

-IS 

-8 

-10 

-5 

-6 

+8 -6 

15 

Vis. at lOOT.: 








Distillate. 

63 

70 

94 

66 

08 

75 75 

100 

Pressing stock. 

55 

70 

58 

66 

68 

75 66 

100 

Dewaxed oil. 

57 

76 

63 

68 

74 

82 69 

114 

Viscosity at pressing temp. 








apixrox. 

1,400 

2,100 

1,350 

1,380 

1,800 

1,200 1,400 

1,800 

Pressing rate, bbl. per plate 








per day. 

Fractionation. 

0.43 

0.43 

0.4l| 

0.4 

0.37 

Poor 

0.35 0.3 

Poor 

0.45 

Crystal formation. 

Good 

Good 

Good ! 

Fair 

Poorly 

formed 

Very 

small 



considered collectively. The proper viscosity for a particular 
distillate must be determined in the plant by a consideration of 
the several factors and by conducting plant experiments. 

Fractionation ,—^The degree of fractionation plays an important 
part in the pressing qualities of an oil.^® The quantity of material ^ 
Dunmire, H. J., Nat. Petroleum iSTetos, Apr. 23, 1930, p. 38. 
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boiling above 800°F., and particularly the ^'tail'^ of poorly frac¬ 
tionated material in the oil, affects the pressing rate greatly. A 
poorly fractionated stock may press more slowly than a well- 
fractionated product that has a much higher end-point because of 
minute quantities of very high-boiling material. Dun mire 
concludes that fractionation is more ne(!essary in producing a 
prcssible distillate than cracking. Fractionation also affects 
the centrifuging properties of the cylinder stock, and lienee a 
poor separation between the cylinder stock and the wax distillate 
results in trouble with both of these stocks. For this reason 
refiners have sometimes found it necessary to take a *^slop^’ wax 
cut between these two stocks. 

Distillation-range .—This constitutes a valuable method for the 
laboratory control of the pressing operation. A common method 
of determining the boiling-range is by the liureau of Mines 
vacuum distillation operated at 40 mm. pressure. End-points at 
40 mm. pressure of 010 to 040°F. are possible without siioiling the 
pressibility of the stock. This corresponds to a cut-point of 
about 840 to 870"F. (atmospheric pre.ssur(0 on the true-boiliiig- 
point distillation curve.It appears that the viscosity of the 
heaviest part of the wax distillate also affects the pressibility. 
In general, it should not exceed about 580 sec. at 100°F. 

Wax Content .—An abnormally high wax content usually lowers 
the pressing rate because the pre.sses must be dumped ofteiM^r. 
At the same time, the wax in the higher wax-content oils often 
crystallizes better, so that pressing may actually be facilitated 
in spite of the high wax content. A method of determining the 
wax content is given by Davis.The average wax content of 
distillates is about 6 per cent; but some stocks contain as little as 
1 per cent wax, and others contain as much as 25 per cent. 

Crystal Strvxture .—The crystal structure is perhaps the most 
important factor that affects the pressibility of a stock, but it is 
related and dependent on the several other factors that are 
discussed herein. A means of examining and photographing 
waxes is described by Davis.^ Figure 190 shows several char¬ 
acteristic photomicrographs of wax distillate. A stock having 
very good pressing properties is shown in Fig. 190a; a typical 

If the wax oil is cracked before pressing, the cut-point may be 30 to 40® 
higher, but the cracking distillation of wax oils is expensive, involves losses of 
oil, and is no longer widely practiced. 
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stock in 6; a stock with too high an end-point in c; and one that 
indicates that a small amount of crude oil had leaked into the 
stock during heat-exchange in d. The size of the crystals shown 



Fig. 190.—Photomicrographs of wax: (o) very good; (6) t 3 rpical; (c) high end¬ 
point; (d) crude oil leaked into distillate in exchanger, (L. L, Davis, Continental 
OU Company.) 


in the figure is of little significance unless they were grown under 
comparable conditions, because the size depends upon the length 
of time that they are allowed to grow before the picture is taken. 

Cracking Distillation ,—Until recently, all refiners prepared 
their wax-stocks for pressing by a so-called ‘‘cracking distilla- 
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tioa/’ The wax oil was heated for several hours at about SOO^F. 
The wax crystallizes more cleanly from a stock handled in this 
manner; but a loss of lubricating oil occurs, and the operation 
is expensive. Dunmire^® finds that greater yields of pressible 
distillate are obtained hy cracking the distillate but that an even 
larger yield is obtained by carefully fractionating the stock. 
During the last 10 years it has been definitely proved that crack¬ 
ing is not necessary in order to produce a pressible distillate. 
If other factors such as fractionation, viscosity, boiling-range, and 
crystal structure are satisfactory, the stock will be pressible 
without a cracking distillation. 

In determining the suitability of a stock for pressing, all of the 
foregoing factors must be considered collectively. In the control 
of plant pressing operations, the wax oil should be examined for at 
least the following characteristics: (1) viscosity, (2) boiling-range 
at 40 mm. pressure, and (3) crystal structure. 

Cold Settling and Centrifuging.—These processes have been 
widely used for the dewaxing of cylinder stock, but solvent proc¬ 
esses are now^ claiming attention. The cold-settling process was 
an outgrowth of the experiences of the early Pennsylvania 
refiners. They allowed their crude oil to stand through the 
winter in storage tanks. During cold weather, the wax separated 
and settled to the bottom of the tank so that a partially dewaxed 
crude oil could be drawn from the top of the tank. The cold¬ 
settling process involves the use of large well-insulated settling 
tanks. Brine coils are suspended in the tanks, and by slowly 
cooling the cylinder-stock solution (60 to 70 per cent naphtha) 
the wax collects and settles to the bottom of the tank. The 
lowest economical pour-point by this process is about 30®F., and 
hence the process has been gradually abandoned. However, 
slow-cooling tanks similar to settling tanks, except that they are 
used continuously, are used in cooling the solution for the centri¬ 
fuge process. 

The centrifuge proce.ss of dewaxing is now widely used. The 
process is illustrated in Fig. 191. The percolated cylinder-stock 
solution, containing about 65 per cent naphtha, is continuously 
chilled in slow-cooling tanks to about 10®F.; and if low-pour-point 
oils are required, the cooling is continued in chilling tanks that are 
provided with mixing paddles. The latter tanks are usually 
cooled by direct expansion of ammonia. The rate of cooling 
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in the slow-chilling tanks should be about 3 or 4® per hour, but a 
more rapid rate of cooling is usually possible after a temperature 
of 0® has been attained. The temperature difference between the 
solution and the cooling medium must be kept to less than about 
20® in the slow-chilling tanks in order to avoid fouling of the 
transfer surfaces. If pour-points of 20 to 30®F. are satisfactory, 
the oil should be cooled to about — 10®F. and direct expansion of 
ammonia is not necessary. For zero-pour-point oils the chilling 
must be (jontinued to about — 45°F., and for some stocks a 
temperature of — 55®F. may be necessary. The chilled solution 
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Fio. 191.—Centrifuge process for dewaxing cylinder stock. 




is charged to Sharpies centrifuges through a constant-head feed 
device. The centrifugal force separates the wax and oil: the oil 
from the top and center of the bowl and the wax from a point 
lower. Figure 192 shows the arrangement at the top of the 
machine. A stream of warm water (150 to 180®F.) sprays on 
the petrolatum to prevent freezing the wax in the bowl. The 
dewaxed solution flows directly to storage, but the wax solution is 
separated from the carrier-water in a separator tank. In modem 
plants it is becoming common practice to use the cold dewaxed oil 
as the cooling agent in the slow-chilling tanks. In so doing it is 
sometimes necessary to recirculate some warm dewaxed oil to main¬ 
tain the proper temperature differential between the two stocks. 
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The capacity of the Sharpies machuie is 25 to 45 bbl. per day 
based on cylinder stock. Thus each machine handles 70 to 
180 bbl. per day of solution, depending upon the pour-point of the 
finished product, the properties of the stock, and the amount of 
dilution. The machine operates at 17,000 to 19,000 r.p.m. an<l 



Fig. 192. —Sharpies Super-Centrifuge for dewaxing cylinder stock solution. 
{Sharpies Specialty Company.) 


requires about 1 kw. per hour of power. The refrigeration 
requirement per machine per day is 5 to 8 tons. 

The secret of successful centrifuge operation is the maintenance 
of uniform operating conditions in the entire plant operation as 
well as the operation of the centrifuge plant. The stock must be 
carefully fractionated in the topping or vacuum distillations to 
eliminate crystalline wax. The rate of chilling should be suf¬ 
ficiently fast to prevent the formation of large crystals, but too 
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fast a rate of chilling will give a petrolatum that is too colloidal 
to centrifuge properly. High-boiling dark-colored or asphaltic 
materials inhibit the growth of crystals, and a stock whose color 
is lighter than 1% Tag Robinson will probably give trouble. 
Some refiners have even added colloidal matter to a distilled 
cylinder stock to inhibit the growth of crystalline wax. The 
chilling surfaces must be kept free from wax, and the equipment 
should be designed so that masses of wax cannot accumulate on 
cooling surfaces, tank bottoms, or lines. A sufficient amount of 
naphtha must be used to obtain a non viscous solution at the 
centrifuging temperature. A solution containing about 70 per 
cent naphtha and having a gravity of 44 to 47 is usually satisfac¬ 
tory for producing zero-pour-point oil. In producing very low- 
pour-point oils it may be necessary to use even more naphtha. 
In the past, the viscosity of the cylinder stock that could be 
successfully centrifuged was about 110 sec. at 210°F., but by 
careful operation it is now possible to operate on a stock whose 
viscosity is as low as 75 sec. at 210®r. This permits most of the 
wax distillate to be incorporated in the long residuum cylinder 
stock. 

In order to get proper centrifuging properties, many recircula¬ 
tion schemes have been used. In processing very waxy stocks 
and some overhead stocks, it is necessary to recirculate some of 
the dew^axed oil. Other stocks can be centrifuged most success¬ 
fully by recirculating some petrolatum, and in rare cases it has 
been necessary to add dark-colored material to the stock. 

NEW DEWAXING METHODS 

The use of two dewaxing methods, t.c., pressing and centrifug¬ 
ing, has been a source of great expense to refiners. In an effort 
to lower this expense, much attention is being given to the devel¬ 
opment of methods by which the entire range of wax-bearing 
stocks can be dewaxed by a single process. Two general types of 
processes are being studied. In one of these the combined wax 
distillate and cylinder stock is pressed or filtered, and in the other 
the entire wax-stock is dewaxed in a centrifuge. With the excep¬ 
tion of the filter aid process, all of the proposed processes require 
the use of a special solvent. The filter aid process relies upon the 
use of a filter aid material that strengthens and reinforces the wax 
cake and at the same time keeps it in a porous condition. For 
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those processes which involve filtration, the trend is toward the 
use of suspended-leaf types of presses, such as the Kelly, Vallez, 
and Sweetland, rather than the familiar plate-and-frame type 
that is used in pressing wax distillate. Closed filtering systems 
are required because the solvents must be recovered or the opera¬ 
tion will be an economic failure. In fact, the recovery of the 
solvent has been a great hindrance to the adoption of new dewax¬ 
ing methods, and no such process can be highly successful unless 
the solvent can be effectively recovered and is relatively cheap. 

The use of a single dewaxing process for both the high- and 
low-viscosity w’ax-stocks has many advantages. The cuts lliat 
must be produced in a vacuum-tower arc reduced to ga.v oil, a 
lubricating oil stock, and tar; only one type of dewaxing equip¬ 
ment is required; only one rerunning operation is necessary; 
and the production of several blending stocks will be unnecessary. 
Lower and lower viscosity sto(^ks are being successfully handled 
b}^ the centrifuge process, but the dewaxing is not entirely satis¬ 
factory because of the high cloud-points of the neutral oils. 

A number of proccsses^'‘'^®'^®'‘^ have been used, but the main 
bulk of oil is now handled in methyl-ethyl ketone plants and 
propane plants. 

Propane Self-refrigeration Process.—Propane dewaxing is 
usually combined with deasphaltizing^* because an improvement 
in color can be attained at little extra cost. The propane dewax¬ 
ing process is uniejue because part of the solvent is allowed to 
evaporate and the entire material is chilled hy the refrigeration 
effect of the evaporation. The advantages of the process are 

1. Self-refrigeration. 

2. Rapid rates of chilling. The entire operation of filling, evaporating, and 
emptying the chilling vessel requires only about 90 min. 

3. Ability to handle all kinds of wax-bearing stocks. 

4. High rates of filtration even for viscous oils. 

5. A cheap solvent which may be recovered in the regular gas recovery 
system of the refinery. The make-up solvent requires only a wash with 
caustic to sweeten it. 

Filler aidj Gee, W. P., Ref. Nat. Gaso. Mfr., June, 1933, p. 238. 

** Acetone-bemenej Govebs and Bryant, Ref. Nat. Gaso. Mfr.^ June, 1933, 

p. 222. 

“ Trichloretkylene, Pester, C. F., Oil Gas May 25, 1933, p. 52. 
w BarirSoi, Albright, J. C., Ref. Nat. Gaso. Af/r., August, 1936, p. 287. 

1* Wilson, Keith, Jr., and Haylbtt, Ind. Eng. Chem.y 28, 1065 (1936). 
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A simplified diagram*® of the process is shown in Fig. 193. The 
wax-stock is dissolved, under pressure, in propane (or butane) in 
the storage tanks D by heating to about 130°F. The solution is 
then allowed to evaporate and chill itself in the vessels G by 
reducing the pressure to about 50 lb. per square inch. Chilling 
can be conducted at the rate of 3°F. per minute, and the final 
temperature is about — 40°F. The chilling uses about half of the 
solution. The chilled solution is pumped to the filters and it 
can be filtered at the rate of 2 gal. of solution per square foot of 
filter area per hour for a solution containing 17 per cent oil and at 



Fiq. 193.—Propane dewaxing process. (Standard Oil Company of Indiana.) 


a rate of 0.8 gal. per hour for a 35 per cent solution. Heavy 
stocks seem to filter at about the same rate as light stocks. The 
solvent that remains in the wax and oil is distilled and fraction¬ 
ated under pressure. Steam may be used for heating the solu¬ 
tion. It is usually necessary to add additional propane after the 
chilling operation to keep the proper ratio between oil and solvent. 

Recent plants®® utilize a continuous Oliver-type filter.®^ The 
press is enclosed to avoid evaporation of propane. The drum of 
the filter rotates at the rate of 3 to 11 min. per revolution, dipping 
into a vat of chilled propane-oil slurry. A pressure differential of 
2 to 10 lb. per square inch is maintained across the filter cloth. 
In the vapor space the wax cake during rotation is washed with 

Bahlke, Giles, and Adams, Ref. Nat. Gaso. Mfr., June, 1933, p. 229. 

Anderson, Forrest, and Van Horn, Nat. Petroleum NewSy May 20, 
1936, p. 49. 

Badger and McCabe, “Elements of Chemical Engineering,” McGraw- 
Hill Book Company, Inc., New York, 1936. 
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propane, dried by suction, loosened by a blow-back of high-pres¬ 
sure gas, and scraped into a conveyor. Nozzles for washing the 
filter cloth with hot naphtha are also provided. 

Ketone Dewaxing.—This process is a development of the 
benzene-acetone process^® by the use of various mixed solvents 
consisting of benzene, toluene, methyl-ethyl ketone, methyl-n- 
propyl ketone, methyl-n-biityl ketone, or mixtures of these 
ketones. 22 The advantages of the lower molecular-weight ketones 



Fm. 194.— Flow diagram of Mixed Ketone solvent dewaxing proeess. {OUGaa J.) 


are high filter rates and low solubility of wax, but they have higher 
vapor-pressures and arc somewhat soluble in water. 

The wax distillate is diluted with about 2.5 parts of solvent and 
chilled to the desired pour-point temperature (or even 10° higher). 
Chilling is first rapid, but final chilling is conducted at a rate of 
1 to 2°F. per minute. The cliilled mixture is filtered in a con¬ 
tinuous rotary filter*^ under a blanket of carbon dioxide. In the 
Mixed Ketone process” shown in Fig. 194 the cold filtrate is first 
utilized (in series with cycle wash solvent) in the exchanger 
system for “ controlled ” chilling. It is then stripped of solvent in 

** PoRKORNY and Stratford, Oil Gas J., Mar. 31, 1938, p. 96. 

Mueller, A. J., Oil Gas J,, Apr. 18, 1940, p. 54. 









646 


PETROLEUM REFINERY ENGINEERING 


a two-stage atmospheric, vacuum, and steam-solvent recovery 
system. As the filter rotates, the cake is washed with fresh 
solvent. The slack wax is stripped of solvent and is then acid 
treated, sweated, and clay contacted. Operating conditions'^ 
for one plant are: 



Paraffin 

distillate 

Light 
motor oil 

Intermedi¬ 
ate motor 
oil 

Heavy 
motor oil 

Viscosity, Say bolt Universal 

150 at 100 

250 at 100 

77 at 210 

205 at 210 

Ratio, solvent to oil. 

1.9:1 

1.7:1 

2.2:1 

3.2:1 

Filtering: 





Temperature, deg. F. . . . 
Gal. dewaxed oil per sq. 

20 

12 


25 

ft. per hr. 

6.0 

6.3 

4.2 

2.8 

Dewaxed oil: 





Yield, per cent. 

89 

90 

91 

92 

Viscosity. 

170 at 100 

305 at 100 

86 at 210 

230 at 210 

Pour point, deg. F.*. . . . 

20 

5 

0 

25 

Ketone, per cent. 

0.001 

0.003 

0.003 

0.002 

Wax: 





Yield, per cent. 

11 

10 

9 

8 

Oil, per cent. 

7 

5 

8 

12 

Ketone, per cent. 

0 

0 

0.001 

0.001 


* The solid point was 5^F. lower than the pour point in each of these operations. 
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CHAPTER XXIX 


ECONOMICS OF DESIGN 

The economic feasibility of a processing operation is a factor 
that cannot be overlooked by the engineer. The most sound and 
exact processing plan may be absurd from an economic' stand¬ 
point. To a large extent the practicing engineer soon becomes a 
businessman because of his constant association with economic 
problems. Perhaps this accounts for the large proportion of 
engineers who are found in executive positions. The engineer 
differs from the student of pure science because he is frequently 
called upon to make decisions on technical matters that have not 
yet been thoroughly studied. 

Economics enters into every detail of design, and hence it will 
be impossible to illustrate more than a few cases. 

COSTS OF PROCESSING 

Inasmuch as the operating costs vary widely from plant to 
plant, no exact data can be presented. Two plants that are 
operated with the same care and judgment may vary in operating 
costs as much as 100 per cent. The reason for such differences is 
easily understood when the following items are considered: 

1. Ease of chemical treatment—kind of crude oil. 

2. The design of the plant—modern or obsolete. 

3. Location—cost of fuel and cost of labor. 

These factors explain the wide variation in the operating costs 
appearing hereafter. The data were taken from a(?tual plant 
records^ for a number of plants in all parts of the country. The 
costs for sales, advertising, general administration expense, 
depreciation and taxes, and cost of charge-stock are not included. 

^ The author is indebted to Dr. Sidney Bom of the University of Tulsa. 
Many of the plant records were supplied by him. Date of records, 1927- 
1932. 
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All direct charges, such as direct refinery supervision, power, fuel, 
and materials, are included. 


Over-all Refining Costs 

Direct cost of refining, not including sales, administration, depreciation, and 

taxes 


Cts. per Bbl. of 


Operation Crude 

Topping. 5-19 

Topping and cracking, separate. 23-36 

Topping and cracking, combination. 18-29 

Complete. 24-51 


An analysis of these costs by departments is helpful: 


Department 

Skimming and 
cracking, cts. per 
bbl. of crude 

Complete, cts. per 
bbl. of crude 

Simple distillation. 

3.3 

6.2 

Cracking distillation. 

17.2 

10.4 

Gasoline recovery. 

0.7 

0.4 

Oil treating—agitators, sludge, 



handling, etc. 

1.5 

3.8 

Filtering and burning clay. 


4.6 

Wax handling. 


2.5 

Compounding and grease mfg. . . 


0.8 

Boiler house. 

3 3 

5.2 

Miscellaneous. 

4.3 

6.3 

Total cost per bbl. of cnide.. . 

30.3 

40.2 


For a topping and cracking operation in the Mid-Continent 
area:* 


Cts. per Bbl. 

Plant fuel. 9.0 

Labor. 5.7 

Depreciation and obsolescence. 12.0 

Royalty (cracking). 7.0 

Maintenance. 1.5 

Treating. 0.8 

Total. 36.0 


* Willson, C. O., Oil Gas /., Aug. 4, 1932, p. 8. 
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Miscellaneous Operating Costs and Factors 


^ Per Cent 

Losses: 

Topping distillation. 0.7-1.7 

Pressure gasoline treating. 0.3-4.0 

Gasoline, straight-run, treating. 0.2-1.0 

Kerosene treating. 0.2-1.0 

Solvents, in treating. 0.2-0.6 

Cts. per Bbl. 

Distillation: 

Cracking, complete. 45-80 

Stripping rich absorption oil. 1.2-5.5 

Stabilizing natural gasoline.. 4-9 

Rerunning pressure distillate. 2-8 

Treating light oils: 

Acid treating, complete. 1.7-4.5 

Sweetening, doctor. 0.8-3 

Sweetening, copper. 0.7-1 

Clay, vapor-phase. 0.5-1.2 

Sulfur dioxide extraction. 4. G-5.5 

Inhibitor, material only. 0.15-1.0 

Tetraethyl lead fluid, material only. 0-32 


The costs for processing heavy oils such as neutral oils and 
cylinder stock are even less consistent. The great variation in 
these costs is due to the inherent differences in lubricating oil 
stocks and the variety of treating and dewaxing operations that 
must be used. Some stocks require five times as much acid as 
others. 


Heavy oils: 

Rerunning complete. 

Acid treating complete... 
Loss in acid treating 

Nonviscous neutral. 

Viscous neutral. 

Residual cylinder stock. 
Overhead cylinder stock 


4.1-6.2 cts. per bbl. charge 
11-43 cts. per bbl. treated 

2.8-4.9 per cent 

3.5- 12.0 per cent 

18.5- 40 per cent 
11-18 per cent 


Percolation: 

Nonviscous neutral. 7.2-36.2 cts. per bbl. 

Viscous neutral. 15.4-48 cts. per bbl. 

Wax. 19.4-36.4 cts. per bbl. 

Average of straight filtering. 18.4-46.4 cts. per bbl. 

Solution filtering. 27-75 cts. per bbl. of stock 

Clay contacting. 3&-75 cts. per bbl. charge 

Clay: 

Contact clay. 150 per ton 

Steaming, discharge and loading... S5 per ton 
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Burning, wedge-type burner 
Burning, rotary-type burner 

Loss during burning. 

Dewaxing: 

Pressing and sweating. 

Sweating. 

Barreling and molding wax. 

Centrifuging. 

Refrigeration. 

Solvent refining: 

Furfural. 

Propane dewaxing and deresining 
Benzene-ketone dewaxing. 


S1.22-$4.13 per ton 
$0.50~$0.92 per ton 

1.5- 2 per cent 

13.5- 46.8 cts. per bbl. wax distillate 
41.7-125 cts. per bbl. sweated wax 

7.5- 106 cts. per bbl. finished wax 
31.9-164 cts. per bbl. brightstock 
46.3-316 cts. per ton of refrigeration 

9-20 cts. per bbl. 

32-40 cts. per bbl. 

21-27 cts. per bbl. 


The hourly wage rate for labor was 97 cts. per hour in 1938. 
Various power, steam, and heat costs are 


Steam generation; 

Live steam. 

Exhaust or low-pressure. 

Steam consumption: 

Topping. 

Topping and cracking. 

Complete processing. 

Percolation filter cleaning. 

Nat. gaso. stripper. 

Fuel required: 

Topping and skimming. 

Complete processing. 

Heat. 

Water: 

Cost of. 

Topping... 

Topping and cracking. 

Complete processing. 

Power: 

As pipestill heat, no exchangers... 
As pipestill heat, with exchangers. 
Electric: 

Topping. 

Topping and cracking. 

Complete processing. 

Total power: 

Topping. 

Topping and cracking. 

Complete processing. 

Coat of electric power. 

Air, cost of. 


15.6-30.5 cts. per thousand lb. steam 

6- 10 cts. per thousand lb. steam 

78 lb. per bbl. 

115 lb. per bbl. 

250 lb. per bbl. 

25,000 lb. per thousand cu. ft. filter 
1.7-2.5 lb. per gal. gaso. 

7- 13.5 per cent crude 
15-23 per cent of crude 
419,000-1,190,000 B.t.u. per bbl. 

0.3-2.0 cts. per thousand gal. 

6.6 bbl. per bbl. crude 
22.3 bbl. per bbl. crude 
24.5 bbl. per bbl. crude 

21-37 cts. per million B.t.u. 

14-30 cts. per million B.t.u. 

0.36 kw.-hr. per bbl. 

1.31 kw.-hr. per bbl. 

3.49 kw.-hr. per bbl. 

1.66 kw.-hr. per bbl. 

3.17 kw.-hr. per bbl, 

5.55 kw.-hr. per bbl. 

0.4-1.2 cts. per kw.-hr. 

3-7 cts. per thousand cu. ft. 
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REALIZATION OF CRUDE STOCKS 

The most economical break-up’^ of products varies day by 
day because of fluctuations in the market prices and in market 
specifications. During one season a plant may be most econom¬ 
ically operated for the production of maximum yields of gasoline 
by topping and cracking, whereas at another time the manufac¬ 
ture of a maximum jdeld of fuel oil or of particular lubricating 
oils may be advantageous. Consider the posted market prices 


Material 

Oct. 17, 1933, 
cts. per gal. 

July 3, 1928, 
cts. i5Ci gal. 

Gasoline, U.S. motor regular. 


7.945 

Gasoline, 60-62, 400 E.P. regular. 

5.0 

8.143 

Gasoline, 60-62, 400 E.P. premium. 

5H 


Naphtha, 50-52, 450 E.P. blending. 

m 

7% 

Stoddard solvent, 300-410. 

m 


Laequer diluent, 140-200. 

8H 


Kerosene, 41—43. 

ZK 

iH 

Kerosene, 42-44. 

m 

5.0 

Furnace oil, 32-36, straw. 



Furnace oil, 39-41, prime. 

3.0 


Gas oil, 32-36, cracking. 


2H 

Gas oil, 32-36, 0 to 15 cold test. 



Fuel oil, 28-30, 0 to 10 cold test. 

2.0 

2.0 

Fuel oil, 20-22. 

1.3 

1.5 

Fuel oil, below 16. 

1.2 


Petroleum coke, lump, and egg. 

Neutral oils, 0 to 10 cold test: 

$7.00* 


150 vis., 3 color. 

734 

8^t 

200 vis., 3 color. 

9.0 

lOHt 

280 vis., 3 color. 

12.0 

16.Of 

400 vis., 4 color. 

Steam-refined cylinder stock 600 light 

14:fi 

18 (cst.) 

green. 

Brightstock: 

6.34 

8.0 

190-200 vis. D. 

24.0 

29.0 

150-160 vis., D, 0-10 cold test. 

22H 


150-160 vis, D, 25-40 cold test. 

21H 

22.0 

White crude scale, 124-126. 

Crude oil, Okla. and Kans., crude at field, 


4.0t 

37 A.P.I. 

$1.02 per bbl. 

$1.31 per bbl. 


♦ Donara per ton, f.o.b. Chicago refineriea. 
t Higher cold test, 
t Cents per pound. 






























652 


FETUOLEUM REFINERY ENGINEERING 


Realization 


1 . 


Simple topping; 

Gaeoline, 6(?^2, 400 E.P. regular_ 

Kerosene, 42-44. 

Fuel oil, 28 A.P.I. 

Loss (assumed). 


Total. 

2. Temping through gas oil: 

Gasoline, U. S. motor regular. 

Kerosene, 41-43. 

Gas oil, cracking stock. 

Fuel oil, 20-22. 

Lobs (assumed). 

Total. 

8. Topping and cracking: 

Gasoline, 60—62, 400 E.P. premium, 

cracked. 

Kerosene, st. run 42 -44. 

Furnace oil, 39-41 straw. 

Fuel oil, 8-9. 

Loss and gas. 


4. Long residuum operation: 

Gasoline, 60-62, 400 regular. 

Kerosene, 42-44. 

Gas oil, 32-36, 0-16 C.T. 

S.R. cylinder stock, 100 -120 vis., 

600 flash. 

Loss (assumed). 

Total. 

6 . Lubricating oil I (vacuum); 

Gasoline, 60-02, 400 regular. 

Kerosene, 42-44. 

Gas oil, 32-36, 0 to 15 C.T. 

Neutral, 150 vis., 3 color. 

Neutral, 400 via., 4 color. 

Brightstuck, 190-200 vis, D. 

Solid tar (by vacuum). 

Loss, sludge, wax, etc. 

Total. 

6. Lubricating oil II (vacuum); 

Gasoline, 60-62, 400 regular. 

Kerosene, 42-44. 

Gas oil, 32-36, 0-15 C.T. 

Neutral, 200 via., 3 color... 

Brightatock, 150-160 vis., D, 0-10 

C.T. 

Solid tar (by vacuum). 

Loss, sludge, wax, etc. 

Total. 

7. Lubricating oil III (residuum): 

Gasoline, 60-62, 400 regular. 

Kerosene, 42-44.. 

Gas oil, 32-36, 0-16 C.T. 

Neutral, 160 vis., 3 color. 

Bii^l^tock, 150-160 vis., I), 0-10 

Lobs, sludge, wax, etc. 

Total. 


Per cent, 
untreated 

Per cent, 
finished 

28* 

27.6 

13 

12.6 

58 

58.0 

1 

2.0 

34 

33 

4.5 

4.5 

34 

34 

26 

26 

1.5 

2.6 

57t 

65.0 

13 

12.5 

4 

4.0 

18 

18.0 

8 

10.6 

28 

27.5 

13 

12.6 

26 j 

25.0 

32 1 

31.0 

2 

1 

4.0 

28.0 

27.5 

13.0 

12.6 

22.0 

22.0 

6.0 

6.0 

10.0 

9.0 

16.6 

13.3 

4.0 

4.0 

1.4 

6.7 

28 

27.6 

13 

12.6 

22 

22.0 

12 

10.2 

20 

16.6 

4 

4.0 

1 

7.3 

28 

27.6 

13 

12.5 

19 

19.0 

11 

9.4 

26 

16.8 

3 

16.8 


Value at refinery, 
dollars per bbl. 


October, 

1933 

July, 

1928 

0.677 

0.19 

0.487 

0.939 

0.262 

0.487 

1.264 

1.688 

0.658 

0.066 

0.214 (est.) 1 
0.142 

1.110 

0.088 

0.322 (est.) 
0.164 

1.080 

1.684 

1.01 

0.19 

0.060 

0.091 

Neglect 

2.02 (est.) 
0.262 

0.050 (est.) 
0.098 (est.) 

1.341 

2.430 

0.677 

0.19 

0.230 1 

0.939 

0.262 

0.276 (ost.) 

0.814 1 

1.04 

1.817 

2.617 

0.677 

0.19 

0.208 

0.162 

0.667 

1.34 

i 

0.939 

0.262 

0.243 (est.) 
0.178 

0.68 

1.62 

3.024 

3.922 

0.677 

0.19 

0.208 

0.386 

0.939 

0.262 

0.242 (est.) 
0.460 

1.66 

Neglect 

Neglect 

1.66 (est.) 

2.921 

3.653 

0.577 

0.19 

0.179 

0.286 

0.939 

0.262 

0.208 (est.) 
0.336 

1.480 

Neglect 

1.690 (est.) 

2.712 

! 3.336 


* Some used to lower initial on keroeene. 
t Estimated (Eq. (48)]. 
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for October, 1933,* and July, 1928,* for Oklahoma, on page 
651. 

Figure 22 (page 73) is an analysis of a typical 37.3 A.P.I. 
Mid-Continent crude oil. The yields (Chap. VII) of products 
from this crude oil and the value of the products per barrel are 
approximately as shown in the table on page 652. 

However, the type or completeness of processing is governed 
l)y more factors than the market quotations and the expected 
yields. Certain crude oils are more suitable for lubricating oil 
manufacture than others. In fact, some crude oils are so dark 
that a merchantable long residuum (realization 4) could not be 
made. Others contain so much wax that 32 to 36 A.P.I., 
0 to 15 cold-test gas oil could not be made without undue expense; 
others are so dark that abnormal quantities of acid would bo 
required; and others contain lubricants of such Viscosity Index 
that they cannot be marketed. Of even more importance are the 
market outlets that are available. As an example, few refiners 
can find a ready market for long residuum or for 190 to 200 viscos¬ 
ity brightstock. However, if a buyer can be located, the manu¬ 
facture of specialties becomes lucrative. 

With the refining costs as generally outlined heretofore, the 
gross profits for the seven processing realizations are estimated as 
follows. The gross profit must care for the general administra¬ 
tion, depreciation, sales, taxes, and transportation charges. 


Realization 

i 

Value of 
products, 
October, 
1933, 
dollars 
per bbl. 

Approx, 
operating 
expen.sea, 
dollars 
per bbl. 

! 

Cost of 
crude 
(est.) 

Gross 
profit, 
dollars 
per bbl. 

1. Simple topping. 

1.25 

0.15 

1.02 

0.08 

2. Topping through ga.s oil. 

1.08 

0.20 

1.02 

IjOBS 

3. Topping and cracking... 

1.34 

0.31 

1.02 

0.09 

4. Long residuum. 

1.82 

0.33 

1.40* 

0.09 

6. Lubricating oil I. 

3.02 

0.39 

1 1.40* 

1.23 

6. Lubricating oil IT. 

2.92 

0.37 

1.40* 

1.15 

7. Lubricating oil III. 

2.71 

0.40 

1.40* 

0.91 


* Estimate—^Lubricating crude oil« are usually purchaeed by special contract. 


• Oil Gas J., Oct. 19, 1933, p. 34. 
*Oil Gas J., July 5, 1928, p. 148. 
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, The administration^ sales, depreciation, etc., expenses will be 
at least 10 cts. per barrel, and hence operation is unprofitable for 
the first four break-ups. In addition, the gathering and pipeline 
charges must be deducted from the gross profits, and this charge 
may range from 10 to 90 cts. per barrel. 

COST OF REFINING EQUIPMENT 

In estimating the cost of refinery equipment the preferable 
method is carefully to design the plant, make an approximate 
plant layout, and itemize in detail the units of equipment that 
must be purchased. However, difficulties arise in presenting 
such a method of cost analysis because the unit cost of steel, 
brick, labor, macdiines, etc., varies with the current economic 
conditions. For this reason the following costs are given on an 
over-all-capacity basis and are only approximate. 


Equipment 


PipoatUl: 

Distillation. 

Cracking. 

Piping and insulatiun: 

Topping. 

Vacmim. 

Cracking. 

Treating plants: 

Inhibitor injection.. , 

Aoid treating. 

Sweetening. 

Gray vapor-phase. 

Fijrfural extraction. 

Copper sweetening, solid. . . . 
Copper sweetening, solution. 

Topping plants, no treating- 

Pressure distillate rerun. 

Vacuum distillation. 

Solution rerun. 

Pressed distillate rerun. 

Cracking. 

Wax plant, no rerun. 

Centrifuging, no rerun. 

Bensene-ketone dewaxing. 

Pump house, condenser on top 

Galvanised-iron buildings. 

Heat exchangers.. 


Cost of material, labor, 
and engineering 


$1,200-$2,100 per million 
B.t.u. absorbed 

51 ,400-S2,400 per million 
B.t.u. absorbed 

52 -19 per daily bbl. 

54- S9 per daily bbl. 

55- SI0 per daily bbl. 

$0.2-S2 per daily bbl. 
S15-S30 per daily bbl. 
S10-S20 per daily bbl. 
S15-S25 per daily bbl. 
$120-1350 per daily bbl. 

$2 per daily bhl. 

S4-S15 per daily bbl. 

S 16.5-$ 60 per daily bbl. 
S 13 -I 40 per daily bbl. 
$ 49 -$ 84 per daily bbl. 
$ 38 -$ 68 per daily bbl. 
of solution 

S 39 -S 72 per daily bbl. 
f 70 -SI 10 per daily bbl. 
S150 -S200 per duly bbl. 

wax distillate 
S60a-Sl, 500 per daily bbl. 

finished brightstock 
S125-S360 per daily bbl. 
41-60 cts. per cu. ft. vol. 
25-30 cts. per cu. ft. vol. 
S2-S4.5 per sq. ft. 


Range of capacity 


50-10 million B.t.u. 

60-15 million B.t.u. 

10,000-1.000 B.P.D. 
3.000- 600 B.P.D. 
5,000- 600 B.P.D. 


4,000- 600 B.P.D. 

10,000-1,000 B.P.D. 
10,000-1.000 B.P.D. 
10,000-1,000 B.P.D. 
3.00a- 500 B.P.D. 

5,000-1,000 B.P.D. 
4,000-1,000 B.P.D. 
5,000-1,000 B.P.D, 

1,200- 400 B.P.D. 

600- 100 B.P.D. 
5,000- 500 B.P.D. 
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Costs based on the over-all capacity are of little value in 
studying the economics of processing. The small items, which 
constitute the total cost, are necessary if economy is to be prac¬ 
ticed. As an example, the cost of generating steam is only a 
small part of the total processing cost in a refinery. The steam 
cost may be twice what it should be and yet fail to attract atten¬ 
tion, because it constitutes such a small part of the total cost. 
However, if the boiler house is studied separately, the inefficiency 
in operation may be clearly apparent. 

Although changes in wages and the cost of materials are 
important, the size of the plant affects the dollars-per-barrei cost 
much more. Note tliat a small topping plant may cost $50.00 
per barrel daily capacity whereas a 10,000-bbl. plant may cost 
only $16.50 per barrel. 

Such general costs as these must be used with extreme care. 
The higher of the two costs is due mainly to the small size of the 
plant rather than to other factors. In prosperous times the costs 
will all be higher, and during times of business depression the 
costs may drop far below the figures given. 


Kind of Equipment 

Storage tanks. 

Stock tanks. 

Oil lines. 

Sewerage and traps. 

Tank cars. 

Repair shop and machine toots.. . 

Tools. 

Buildings and stnictures. 

Ix>ading racks. 

Pumps and compressors. 

Boilers. 

Trucks and automobiles. 

Laboratory equiiunent. 

Distillation equipment. 

Cracking equipment: 

Complete. 

Piping. 

Condensers. 

Condenser boxes. 

Condenser coils.. 

Tubular condensers. . 

Treating tanks, agitators, etc. 

Exchangers. 


Rate of Depreciation 
per Year, Per Cent 
... 3 - 5 

... . 5 ~10 

.... 5 ~ SH 

.... 7 -25 

. ... 4 - 5 

. . . . 8 -15 

. . . 15 -40 
. . . . 3 - 8H 

. . . . 7^-10 

. . fiM-15 
. .. . 6K-10 
.... 25 -33J^ 

. . .. 20 -35 
.... 8K-15 

.. .10 -25 
...25 -40 
.... 

.... 5 -10 
. . .10 -25 
.... 10 -33H 
.... 8H~15 

...: 6K-25 
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Depreciation Rates. —^The rate at which equipment is worn 
out, destroyed by corrosion, or rendered obsolete by technical 
development is another factor that cannot be accurately com¬ 
puted. The figures shown in the table on page 655 have been 
used by well-established companies. The tendency of well- 
established companies has been to depreciate their equipment 
before it is really useless, and in this manner they have been able 
to take full advantage of rapid technical advances. 

Plant Economy versus Investment. —In the selection of equip¬ 
ment, buyers are often guided too greatly by the initial-invest¬ 
ment cost. Particularly in times of depression the refiner needs 
well designed equipment in order to make a profit. In prosper¬ 
ous times the margin of profit is enough so that even though 
ineffective processing is practiced, the plant will still show a profit. 
The plant need not l)e new or equipped with an array of conven¬ 
iences, but it must be properly designed and carefully operated. 
Many highly succcvssful refiners have found it necessary to use old 
discarded equipment when installing new processes. During 
poor-profit years these companies have such low investment 
charges that they can still manage to make a little profit. How¬ 
ever, it seldom pays to use an old equipment that is unsuited for 
the new" purpose or to save money on a new equipment by 
accepting an inadequate design. For example, an apparent 
saving of about $1,800 might be made in the cost of a bubble- 
tow"er (4,000 bbl. per da}^ crude oil) by using 20 rather than 27 
plates. If the 27-plate tow^er recovers an additional one-half of 
1 per cent gasoline that otherwise would be sold as kerosene, 
the saving per year, at a price of 6 cts. for gasoline and 4 cts. for 
kerosene, would be 

4,000 X 42 X 0.005 X 320 = $6,375 per year 

Thus by a saving of $1,800 in the cost of the tower, a loss of 
$5,375 of gasoline into kerosene occurred during the first year. 
In other words, a slight saving in the percentage recovery of 
products will care for a large investment cost. Likewise, a small 
saving in labor cost w’ill pay for a large capital investment. 

ECONOMICS OF UNIT OPERATIONS 

In the following part of the chapter, the economics of several of 
the most useful unit operations wall be discussed as illustrations. 



Most Economical Approach, Deg. F. 
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As inferred heretofore, the most successful manner of effecting 
economies is to study each phase or operation of the complete 
processing scheme independently. this manner of approach, 
savings of such magnitude that they may be unnoticed in the 
total processing cost are forcefully brought to attention. Only a 
few illustrations can be given here, l)ut almost all phases of design 
may be studied by means of economic balances of income versus 
cost of equipment or its operation. Among such studies are 



Fig. 195.~ Most economical approach for liquid-to-liquid heat exchangers. 

{Ref, Nat. Gas. MJr.) 

(1) the optimum relation between tower diameter and tray-spac¬ 
ing for a bubble-tower, (2) the optimum thickness of heat insula¬ 
tion, (3) the optimum cost of j)rotective coatings for pipelines, 
etc., (4) the optimum dimensions of a storage tank or pressure 
vessel, (5) the optimum spacing between a series of structural 
beams, (6) the most economical relation between amount of steam 
and vacuum to use in a vacuum plant, (7) balance of investment 
for storage vessels versus loss of light ends by evaporation,® 
(8) gravity of crude oil versus cost of processing,® (9) separate 
topping and cracking versus combination operation,^ (10) invest- 

• Franklin, W. B., Storage of Light Ends, Ref. Nat. Gaso. Mfr.^ June, 
1937, p. 277. 

• Nelson, W. L., Ref. Nat. Gaso. Mfr., December, 1936, p. 672. 

’ Chamberlain, N. F., Ref. Nat. Gaeo. Mfr., December, 1937, p. 571. 


Ratio of Fluids 
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inent in natural-gasoline plant versus oil-gas ratio,® (11) cost of 
cracking plant versus gravity of charge-stock,® (12) life of corro¬ 
sion-resistant materials (tubing) versus cost,^® and (13) coking 
versus cracking as a means of disposing of residues (page 528). 

Economics of Heat-exchange. —The net saving effected by the 
recovery of waste heat approaches a definite limit in any plant 
equipment. The value of the heat saved, less the cost of the 
equipment and the cost of operating the equipment, is the net 
saving. This approaches a high value for a particular set of 
conditions and decreases if any of the conditions are changed. 

In selecting heat exchangers an important consideration is the 
most economical “approach” or difference in temperature 
between the incoming cooling medium and the outgoing heating 
medium. The maximum recovery of heat occurs if these two 
streams are at the same temperature, but in practical heat- 
exchange equipment a difference in temperature must exist. 

For liquid-to-liquid exchangers, the relationship among the 
value of heat, cost of surface, magnitude of the heat-transfer rate, 
and the several other variables that govern the most economical 
approach is extremely complicated—but for a particular refinery 
situation all the variables have fixed values and the relationship is 
reasonably simple. For the following values of variables the 
most economical approach^^ behaves as indicated in Fig. 195: 

Difference in temperature between the 2 incoming fluids.. 200°F. 


Cost of heat-exchanger surface. $2.66 per sq. ft. 

Interest rate.. 6 per cent 

Cost of upkeep and repair for each million B.t.u. $160 per year 

Value of fuel, per million B.t.u. 17 cts. 

Heat-transfer rate. 25 


In this figure, the most economical approach is given in 
degrees Fahrenheit and the factor labeled R is the ratio of the 
weight of the larger of the two fluids to the weight of the 
smaller-quantity fluid. 

Cost of Pipestill Heat. —^The over-all economy of installing 
exchangers involves other parts of the plant equipment as well as 

• Nisson, a. H., /. Inst, Petroleum Tech.^ 24 , 69 (1938). 

• Nelson, W. L., OU Gas Apr. 6, 1939, p. 55. 

Nelson, W. L., Oil Gas /., June 3,1937, p. 97; and June 24, 1937, p. 79. 

Nelson, W. L., Economics of Heat Exchanger Design, Ref. Nat. Gaso. 
Mfr.f August, 1936, p. 293. 
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the exchangers themselves. If exchangers are installed in con¬ 
junction with a pipestill, a smaller still may be required because 
less heat is absorbed in the still but the flue gases will leave at a 
higher temperature and hence more heat will be lost in the gas. 
At the same time, less cooling surface and less cooling water will 
be required for the condensers and coolers of the plant, because 
the products are partly cooled by heat-exchange. The particular 
amount of heat-exchange that is economical may be determined 
by comparing the total costs of absorbing heat in the i>ipestill 
and exchangers and then removing it again in the coolers. Costs 
of generating heat in a 20,000,000-B.t.u. simple pipestill distilla¬ 
tion unit are approximately as follows: 


Pipestill 

Cents per million i 
B.t.u. 

Saving, dollars per 
year 

Without exchangers. 

23 


With exchang'j to 300®F. 

17.3 

7,220 

With exchange to 500°F. 

14 

13,820 

With exchange to 550°F. 

1 14.0 

13,200 


In this particular case it is not economical to heat the oil by 
exchangers to a temperature higher than 500°r. 

In general, the efficiency for a pipestill should not be so high 
as for a boiler. Oil is usually at 300 to 500°F. before it enters 
the pipestill, but the feed-water for a boiler may (uiter the 
economizer at a temperature as low as 60°F. Thus a pipestill 
operates most economically at an efficiency of 70 to 75 jier cent, 
but a boiler may operate at 80 to 85 per cent. 

The flue gases should leave the pipestill at a temperature about 
300°r. higher than the charge-stock temperature. A closer 
approach requires a much larger convection section, and a larger 
approach allows such a large heat loss to the stack that the 
expenses again rise. These relations are illustrated in Fig. 196. 
The figure was computed for a radiant type of pipestill absorbing 
about 10,000,000 B.t.u. per hour, fuel cost 40 cts. per barrel, and 
depreciation in 6 years at an interest rate of 6 per cent. 

Although a saving of }4, ct. per million B.t.u. does not sound 
large, it amounts to about 3.5 per cent of the cost of generating 
heat and for a 20,000,000-B.t.u. still amounts to $1,500.00 per 
Jyear. 
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The optimum velocity for flue gases in the convection section of 
a still can be computed in a similar manner. As the velocity is 
increased, the surface in the convection section becomes smaller 



Difference in Stack onH Charge Tempernfure 


Fia, 196.—Most economical stack-gas 
temperatuif for a ])ipcsiill. 

plants tliat would rc'cover 99 per 
in the gas. This practice^, howei 
because the (tost of optvration mou 


but the friction loss become.s 
greater, and a taller stack 
must be provided. These fac¬ 
tors affect the cost of the con¬ 
vection section and stack as 
indicatetd in Fig. 197. 

Practical Recovery for Ab¬ 
sorption Plant.—The yield of 
natural gasoline that is pro¬ 
duced in a gasoline plant is 
directly related to the pentane- 
plus content of the gas and to 
the amount of pentane-plus 
that is recovered. Thus, de¬ 
signers have tended to build 
cent of the pentane contained 
^er, is not usually economical, 
[its rapidly as more than 85 per 



Fig. 197.—Most economical flue-gas velocity in convection section of pipestill. 


cent of the pentane is recovered, so that in general it may cost 
twice as much to recover 99 per cent as to recover 85 per cent of 
the pentane. The variables such as cost of oil recirculation, 
value of the gasoline product, and cost of stabilizing the gasoline 
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are related^* in such a way that the loss involved in recovering 
99 per cent of the pentane is somewhat as sho^^^l in Table 103. 
Note that the most economical recovery is also given in the table. 


Table 103.—^Loss by Operation at 99 Per Cent Recovery of Pentane 


Pres¬ 
sure, lb. 

per 
sq. in. 

Pentane- 
plus, per 
cent 

Grade of 
gasoline 

1 Gasoline 
j price, 

I cts. per 
gal. 

Mo.st economi¬ 
cal recovery, 
per cent 

Loss, cts. per 
1,000 cu. ft. by 
operating at 

99 p(*r cent ' 
recovery 

50* 

7 

22-70 

1 

4 1 

94.25 

1.287* 

50 1 

3 

30^-70 

2 

89.8 

0.821 

50 1 

3 1 

30-70 

4 

94 

0.577 

50 

3 

14-55 

4 

92 

0.455 

50 

9 

14-55 

4 

90.2 

0.286 

50 

9 

30-70 

4 

97.4 

0.227 

400 

3 

14-55 

4 

96.4 

0.117 

400 

3 

30-70 

4 

97.5 

0.068 

400 

9 

30-70 

4 

98.9 

Nil 


♦ Refinery coiulitionH, oil recireulntion cost of 0. J etn. jH'r gal. 


The conditions used in computing Table 103 w(‘re 

Cost of oil recirculation. 0.05 cts. per gal. oil 

Co.st of stabilizing gasoline. 0.13 cts. per gal. 

Molecular weight of oil. 190 

Specific gravity of oil. 0.84 

Dimensions of Pipestills.—Immature designers are usually 
confused in deciding what should be the dimensions of a pipestill, 
whereas experienced designers have become accustomed to using 
certain arrangements that in some instances may be needlessly 
expensive. The economic relation.ship among the costs of tubes, 
bends, tube supports, roof, walls, etc., is exceedingly complicated. 
Nevertheless, cost equations can be derived for any conventional 
type of still such as rear convection or center convection. Figure 
198 shows the mo.st economical tube length*® versus the total 
cost of pipestills of the overhead convection type shown in 
Figure 133 (page 432). In general, the high cost of return 
bends as against the cost of tubing, supports, walls, etc., calls for 

Nelson, W. L., Ref, Nat. Gaso. Mfr.^ May, 1936, p. 167. 

Nelson, W. L., Oil Gas J., May 11, 1939, p. 63; and June 1, 1939, p. 34. 
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longer tubes than have commonly been used. This tendency Is 
becoming evident in stills designed during the last few years. 



Fia. 198.—Most economical tube length for overhead convection type pipestills. 

{Oil Ga8 /.) 
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CHAPTER XXX 

TYPICAL DESIGN CALCULATION 


The design of petroleum equipment is made difficult by tin* 
complex composition of petroleum oils. Many features of a 
design defy exact computation, and such cases must be met by the 
judgment and experience of the design engineer. The factors of 
judgment and experience cannot be completely eliminated, and 
hence the success of the design depends, to a large degree, upon 
the experience of the designer. 

These are the facts concerning the design of petroleum equip¬ 
ment. Howevei, successful equipment can be designed, even 
though the calculations are not perfect, because a well-designed 
plant can be operated to overcome the inadequacies in the design 
information. 

Outline of Computations. —In this chapter a continuous 
pipestill topping plant will be designed. A more complicated 
plant would l)e more interesting to many engineers, but the cal¬ 
culations would be so involved that they would be almost useless 
to most readers. 


Table 104.— Yields and Properties of. Products 


Material 

Per cent 

A.P.I. 

Notes 

Ij088*. 

0.5 


About 7 cu. ft. of gas per bbl. 
(Table 87) 

A.S.T.M. end-point about 
392 (Fig. 28) 

A.S.T.M. end-point about 
493 (Fig. 28) 

By difference 

Viscosity at 210®F., about 
107 (Fig. 199) 

Fig. 199 

Gasoline. 

31.0 

60.2 

Kerosene. 

10.0 

43.0 

Gas oil. 

26.0 

34.9 

Reduced crude. 

32.5 

22.5 

Crude. 

100.0 

38.6 

■ 1 


* Consider m a gaa which has a molecular weight of 45. 


The Mid-Continent crude oil shown in Fig. 199 is to be topped 
for the production of gasoline, kerasene, gas oil, and reduced 

664 
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crude oil, as shown in Table 104, Its characterization factor is 

12 . 

Obviously, the selection of products depends upon the market 
demands and sales opportunities that are available. Although 
products having particular specifications must be produced in the 
unit, the de.sigrier has little need for more detailed specification.s 
than the general information given in Table 104. However, the 



Fig. 199. Mid-Continent crude oil—38.G A.P.l. 

designer can build a flexible plant and thus ])ermit the plant 
operator to produce any reasonable specifications that may be 
desired. 

The design computations can be organized somewhat as 
follows: 

1. Obtain a li.st of the desirable products from the plant management or 
the marketing department. 

2. Obtain a comprehensive laboratory evaluation of the stock.* An analy¬ 
sis, such as shown in Fig. 199, is satisfactory, but if possible the desired 
products should be produced in the laboratory and examined by routine 
tests. This is not always convenient, be(;ause many combination.s of 
products may be contemplated. 

3. Analyze the evaluation curves of the stock for the yields of products, 
and if possible produce and examine the products in the laborator>' ^ 
(Chaps. V, VI, Vn and IX). 
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4.. Prepare a table of the quantities, weights, and oft-used properties of 
the several stocks (Table 105). 

6. Prepare a tentative flow diagram of the process. This may be modified 
as the design progresses to meet unforeseen conditions (Fig. 200). 

6. Design the fractionating tower, determining tower temperatures and 
diameter. 

7. Design heat-exchange system by an economic study of each exchanger. 
Compute the temperature of the stock as it arrives at the pipestill. 

8. Design the pipestill. 

9. Design the condensers, coolers, stripper, etc. 

10. Estimate steam, water, and power requirements. 



340*f 

Fig. 200.—Diagram of topping plant. 

In a complete computation of this kind, many figures are used 
over and over again in the computations. Time and confusion 
may be avoided by tabulating these figures, as in Table 105, 
at the start of the work. 

The general conditions are as follows: 

Capacity. 2,000 bbl. per day 

Temperature of crude oil. 90°F. (ave.) 

Temperature of cooling water,... 75°F. (ave.) to 95®F. (max.) 

Steam pressure. 150 lb. per sq. in. gage; saturation tem¬ 

perature, 366°F. 

The crude is classed as a sweet oil and 
contains only 0.1 per cent sulfur 


Corrosion 
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The flow diagram of the process is shown in Fig. 200. This 
diagram shows only the major items of equipment, and it is not 
intended to indicate anything concerning the size or mechanical 
design of the equipment. 

Table 105.— Useful Quantities and Properties 
2,000 bbl. per day 


Material 

Per 

cent 

A.P.I. 

Lb. 
per 1 
gal. 

Gal. 

per 

hr. 

Lb. 

per 

hr. 

50 per 
cent 
boiling- 
point, 
deg. F. 

1 

Molecu¬ 

lar 

w'cightf 

Ix)SS. 

0.5 


0.119* 

17 

701 


45 

(J^soline. 

31.0 

fiO.2 

6.14 

1,085 

6.660 

258 

116 

Kerosene. 

10.0 

43.0 

6.75 

350 

1 2.360 

460 

192 

Gas oil. 

26.0 

34.9 

7.08 

910 

I 6,450 

635 

290 

Reduced crude.. 

32.5 

*22.5 

7.65 

1,138 

8,710 



Crude. 

100.01 

38.6 

6.93 

3’5(K) 

24,250 




♦ Density, pound per cubic foot at 60*F. 
t Fig. 35. 


FRACTIONATOR SYSTEM 

The design of the fractionation system may be outlined as 
follows: 

1. Draw the flash-vaporization curve of the crude oil unless this curve is 
included in the laboratory analysis (Figs. 75, 76). 

2. Estimate the amount of steam required for stripping. 

3. F^stimate the temperatures and pressures at all important points in the 
tower. Adopt the number of plates to be used V)etween cuts (page 504). 

4. Compute a heat-balance, and determine the amount of reflux. 

5. Compute the diameter of the tower. 

The flash-vaporization curve was computed as follows (Figs. 
76 and 199): 

70 per cent on T.B.P. curve = 788®F. 

10 per cent on T.B.P. curve = 204®F. 

Slope of T.B.P. curve = == 9.73 

Slope of flash curve (Fig. 76) = 7.0 

50 per cent on T.B.P. = 598®F. 

60 per cent on flash curve (Fig. 76) = 550®F. 

100 per cent on flash curve = 550 + 50 X 7 = 900®F. 

0 per cent on flash curve = 550 — 50 X 7 = 200®F. 
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This curve is plotted as a straight-line vaporization curve in 
Fig. 199. With freak stocks, the curvature of the flash curve 
should be computed as explained in Example 43. 

The amount of steam that will be required to strip the kerosene, 
gas oil, and reduced crude oil can be estimated from the figures 
given on page 372. Table 106 summarizes the steam quantities. 


Table 106.— Steam for Stripping 


Material 

Lb. steam per 
gal. 

Gal. per hr. 
of material 

Lb. steam per 
hr. 

Kerosene. 

0.3 

350 

105 

Gas oil. 

0.5 

910 

455 

Reduced cruch^. 

0.5 

j 

1,138 

569 

Total.1 



1.129 


The number of plates can be estimated from the tabulation on 
page 504. The following number of plate\s will be used: 


No. of 
Plates 

Gasoline to kerosene. 6 

Kerosene to gas oil. 5 

Gas oil to vaporizer. 3 

No. of plates above vaporizer. 14 

Stripping plates. 4 

Total no. of plates. 18 


The pressure at the top of the topping tower is seldom more 
than 4 lb. per square inch gage. The pressure-drop per plate is 
discussed on page 479, The pressures in the tower and the 
amount of steam at various points will be approximately as 
follows: 


Position 

Pressure,* 
lb. per sq. in. 

Lb. steam 

At top plate. 

4 

1,129 

At kerosene plate. 

5 

1,024 

At gas oil plate. 

6.7 

660 

At vaporizer. 

6.1 

669 


Top velocity approximately 2.0 ft. per second (see computed velocity, page 672). 
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Vaporizer Temperature. —The vaporizer temperature, as 
obtained from the flash curve at 760 mm., must be corrected for 
the tower pressure and for the effect of steam. The gasoline, 
kerosene, gas oil, and loss amount to 67.5 per cent. 


Vaporizer temperature at 760 mm. (flash curve). 670°F. 

fi 1 

Pressure at vaporizer. 760 -f X 760 = 1,075 mm. 

Mols of gasoline (Table 105). ~ h 

Mols of kerosene. “ 12.3 

Mols of gas oil. = 22.2 

Total mols vapor. = 92.0 

Mols steam. = 31.6 

lo 

Total mols vapor and steam. 123.6 

02 

Partial-pressure of oil = ^ X 1,075 = 801 mm. 


Vaporizer temperature at towtu* conditions, by correcting 670®F. 
to 801 rnm. by means of Fig. 52, is 076®F. 

Tower Temperatures.—This tower, the stock that is being 
processed, and the quantities of steam are normal. Under these 
conditions, the side-draw temperatures may be (estimated from 
P^ig. 146. In cases in which the conditions are not normal, the 
method outlined in Plxample 71 must be used. 

The tower temperatures and the corresponding latent heats are 
approximately as follows: 



Deg. F. 

Latent 

heatt 

Top temperature. 

300* 

123 

Kerosene drawplate. 

410 

109 

Gas oil drawplate. 

546 

92 

Bottoms product. 

635 



* Check later (see page 671). 
t Fig. 37. 

The bottoms temperature cannot be estimated as accurately 
as the other temperatures. However, it is not of great impor¬ 
tance because it does not properly belong in the tower balance 
and is only included there as a factor of safety. Most of the 
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cooling of the bottoms material in the tower is caused by these 
factors: 

1. Vaporization of a part of the bottoms by steam. 

2. Heat losses through the tower shell. 

3. Heat used to raise or lower the temperature of the steam. 

Table 35 (page 247) indicates that the liquid material from the 
vaporizer contains about 10 per cent of material that boils below 
the flash temperature. The vaporization of this 10 per cent of 
material uses some heat, but the greater part of the cooling is due 
'to the other two factors. The cooling due to vaporization can 
be computed by balancing the heat of vaporization against the 
sensible heat loss that it causes; the cooling (or heating) due to 
steam may be computed by a heat-balance; and the cooling due to 
losses through the walls of the tower can be computed by the 
resistance theory as given in Examples 35 and 38. For this 
tower the cooling of the bottoms product is approximately as 
follows: 


Deg. F. 


Due to vaporization.. 12 

Due to heat losses. 13 

Due to heating of steam. 15 


Thus the bottoms temperature is approximately 636®F. 


Heat-balance of Tower 

Temperature datum, vaporizer temperature or 676®F. (Figs. 33, 34) 

B.t.u. per 
Hr. 

Cooling gaso. (vap.). 6,660(676 — 300)0.59 * 1,480,000 

Cooling kero, (vap.). .2,360(676 - 410)0.6 = 376,000 

Cooling gas oil (vap.).6,450(676 — 546)0.63 ~ 530,000 

Ogling reduced crude* (liq.).8,710(676 - 635)0.77 » 275,000 

Cooling steam *...1,129(366 - 300)0.5 * 37,000 

Total sensible heat. 2,698,009 

Condense kero.2,360 X 109 * 258,000 

Condense gas oil.6,450 X 92 = 593,000 

Total latent heat. 851,000 « 851,000 

Reflux heat. 3,549,000 

♦ Actually, these heats have already been accounted for in computing the bottoms 
temperature, but moat designers include them as a factor of safety. If they are not included, 
then the bottoms temperature should be considered as 676'*F. and the steam temperature 
as 070, 410, and 540^. for the amount pf steam that enters the system at the vaporiser, 
kerosene plate, and gas oil plate respectively. 
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With the reflux available at 100®F., the amount of cold reflux 
per hour is 

T t, 1 j a 3,649,000 ,, 

Lb. cold reflux. 123 + (300 - 100)0.58 


„ , ,. a 3,549,000 1 

Gal. cold reflux. "^2^ ^ Oi 

2,420 


2,420 


Gal. cold reflux per gal. product. 1^5 ~ 

Check on top temperature: 

Mols reflux and product. —■—- = 186 


Mols steam. 


1,129 

18 


63 


Total mols. 249 

Partial-pressure. X ^760 + 


The 100 per cent point on the flash-vaporization curve of the 
gasoline is approximately 315*^F. When corrected to 723 mm., 
the temperature is about 312®F. However, by Table 69 the 
computed top temperature is usually about 3 per cent high. 
Hence the top temperature would be 312 X 0.97 = 302°F. The 
assumed top temperature was 300®F., and this is a satisfactory 
check. 

Diameter of Tower.—The allowable mass velocity of the 
vapors at the top of the tower can be computed from Eq. (82). 
The constant C can be obtained from Fig. 150. At a tray spacing 
of 22 in., which allows a manhole on each tray, the value of C is 
about 590. 

The density d\ of the gasoline at 300®F. may be obtained from 
Fig. 43: 

Sp. gr. at 60 = 0.738 
Sp. gr. at 300 = 0.632 
d\ = 0.632 X 62.4 = 39.4 lb. per cu. ft. 

The density ^2 of the vapor at 300®F. and 4 lb. gage will be 
computed by the perfect gas laws: 

Mola Lb. 

Internal reflux. 28,800 

Gasoline product. * 67.5 6,660 

Steam. - 62.7 1,129 

Total at top. 369.2 36,589 
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760 14 7 

Volume at top - 369.2 X 379 X ^ “ 161,000 cu. ft. per hr. 

, 36,589 ^ 

= 1^7000 = P®*' 

Mass velocity = 590(0.221(39.4 - 0.221 = 1,7301b. per sq. ft. per hr. 

Cross-sectional area of tower. = 21.0 sq. ft. 

Factor for overcapacity. 2.5 

Area used. 23.5 sq. ft. 

Use a diameter of 5 ft. 0 in. 

This corresponds to a linear velocity of --- = 1.9 ft. 

^i.5 X d,0UO 


HEAT-EXCHANGE SYSTEM 

The number of products that may be used to heat the charge- 
stock is an economic problem. It usually pays to install con¬ 
densing exchangers for the overhead product and reflux, because 
of the large quantity of heat that is available in these materials 
and because the transfer rate is relatively high in condensing 
equipment. In the case of kerosene, an exchanger may not be 
economical because the kerosene stream is small and the cost pei* 
unit of surface rises. Heat exchangers are generally used on the 
gas oil stream and other high-boiling distillate streams because of 
the high temperature. The same holds true for the bottoms 
product, except that the viscosity may be so high that an 
exchanger is not economical and because such stocks often contain 
suspended solid matter. Bottoms exchangers are not usually 
used for viscous stocks unless a pump is provided for the bottoms 
product. 

In general, the exchangers are purchased from manufacturing 
companies, and these companies are asked to design the exchange- 
system. However, the plant engineer must not depend entirely 
on the computations from these manufacturers. For this 
reason, the following approximate design of the heat-exchange 
system is suggested. 

The feed-stock should be routed through the exchangers as 
follows: 

1. Gasoline and reflux condenser exchanger. 

2. Kerosene exchanger. 

3. Gas oil exchanger. 

4. Reduced crude oil exchanger. 
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The temperatures in these exchangers will be developed during 
the computations and are shown in Fig. 201. 

Gasoline Condensing Exchanger. 

Lb. of gasoline and reflux == 14,850 + (>,660 — 21,510 
Lb. of steam = 1,129 

Using an approach of 40®F, on the hot end of the exchanger, tlie 
heat that can be absorbed is 

24,250(200 - 90)0.52 - 2,140,000 B.t.u. per hr. 


This amount of heat will condense about half of the gasoline 
and reflux and require an outlet temperature, for the gasoline, of 
about 245°F. 

A check on the amount of heat that is removed follows: 


Cool half of vapor and tho condensate front it 

—(300 - 245) 


0.63 + 0.48* 
.2 


331,000 


Cool vai)or tliat does not condenses. . —(300 — 245)0.475 = 281,000 

Cool steam. 1,129(300 - 245)0.5 * 31,000 

21 510 

Condense half of vapor. —--— X 128 = 1,380,000 


2,023,000 

* Average specific heat of vapor and liquid. 


This check is sufficiently close. 

Transfer Coefficients ,—The crude oil will pass through the tubes, 
and a velocity of 4 ft. per second will be possible because of the 
pressure that is available. 

The average film-temperature of the crude oil will be about 
220°F. The viscosity of the crude oil, at this temperature is 
about 2 (Fig. 48). Film transfer rate for crude oil, in 1-in. tubes, 
is about 185 (Fig. 125). 

The gasoline, reflux, and steam will be cooled on the outside 
of the tubes. The conden.sing coefficient will be about 140 
(Table 56). 

The approximate fouling conditions are as follows: 


Crude in tubes. 5.0 (Fig. 128) 

Gasoline in shell. 1^ 

Total fouling factor . 6.0 
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Over-all Coefficient. 

„ 1 1 - 

~ M85 + H40 + 0.006 0,0173 

Larger temp. diff. = about 155 

Smaller temp. diff. = about 40 

Log mean temp. diff. (Fig. 65) = 85°F. 
c, - 2,140,000 ... _ f. 

85 X 54 

Factor for overcapacity = 64 sq. ft. 

Use 530 sq. ft. 

Kerosene Exchanger. —This exchanger may not be economical 
because of the small amount of kerosene and because the crude oil 



Fio. 201.—Temperatures in heat-exchange system. 

is now at about 260®F. The crude oil will be cooled a little 
between exchangers, and the kerosene will be cooled a little 
by the stripper. 


Oil 

Lb. 

Approx, temp. 

Kerosene. 

2,360 

24,250 

385 

Crude. 

250 
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An approximate design was made, showing that the exchanger 
would be very small and would cost about $400. It would hardly 
pay for itself in two years, and this fact, along with its small size, 
indicates that it would not be a good investment. 

Gas Oil Exchanger. 


Oil 

Lb 

Approx, temp. 

1 


after stripper, etc. 

Gas oil. 

6,460 

620 

Crude. 

24,250 

250 


Using an approach of 30®F., the amount of heat that is 
exchanged is about as follows: 

6,450(520 - 280)0.645 = 24,250(321 ~ 250)0.58 = 1,000,000 B.t.u. 

Ga.s oil Crude oil 

log mean temp, difference = 89°F. 

The transfer-rate conditions will be about as follows: 


Oil 

Approx. 

film. 

temp. 

Vis¬ 

cosity* 

Side 

Approx. 

velocity 

Film 

ratef 

Fouling 

factors 

Gas oil. 

343 

0.85 

Shell 

1 

87 

2 

Crude. 

315 

0.56 

Tube 

4 

335 

4 


• Fig. 48. 

t Figs. 125 and 126. 


H for gas oil exchanger = = 48.8 

Surface = = 230sq.ft. 

Factor for overcapacity = 3^ 

Use 265 sq. ft. 


Bottoms Exchanger. 


Oil 

Lb. 

Approx, temp. 

Reduced crude. 

8,710 

620 

Crude. 

24,250 

310 

















676 


PETROLEUM REFINERY ENGINEERING 


Many plant men contend that bottoms exchangers give more' 
trouble than they are worth. If the bottoms stock is dirty or the 
exchanger is not periodically cleaned, then this is doubtless true, 
but under proper conditions and with careful supervision bottoms 
exchangers can be successfully used. In this case a bottoms 
exchanger would doubtless be justified. 

Using an approach of 30°F., the duty of the exchanger would be 

8,710(620 - 340)0.69 = 24,250(420 - 310)0.627 = 1,680,000 B.t.ii. 

Reduced crude oil Crude oil 

log mean temp. diff. (Fig. 65) = 90°F. 

The transfer-rate conditions will be about as follows: 


Oil 

Approx, 
'film 
temp., 
deg. F. 

Vis¬ 

cosity 

Side 

Approx. 

velocity 

Film 

rate 

Fouling 

factors 

Reduced crude. 

410 

2.3 

Slicll 

2 * 

103 

10 

Crude. 

385 

0.4 

Tube 

4 

365 

3 

13 


• Pump on reduced prude oil. 

Ho3 + + 6.013 


If the reduced crude oil were not handled by a pump, the over¬ 
all rate would be only about 26. 


c, , 1,680,000 

Surface = 


475 sq. ft. 


Factor for overcapacity = 65 

Use 540 sq. ft. 


Water Coolers and Condensers. —The design of these equip¬ 
ments is much the same as for the exchangers, and hence only one 
cooler, the gas oil cooler, mil be designed. A tubular type of 
cooler will be used. 

The gas oil is available at 280®F. from the exchanger, and it will 
be cooled a few degrees in the transfer line. However, the cooling 
will be neglected and considered as a further factor of safety. 
The flash-point of the gas oil will be above 160®F., and hence it 
need not be cooled to lower than about 130®F. The water will 
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be sent through the tubes. It mil not be heated to over 125®F. 
because scale may be deposited. 

Duty of Gas Oil Cooler, 

6,450(280 - 130)0.53 = 1^(125 - 95)1.0 = 512,000 B.t.u. 
Gas oil Water 

W ~ lb. water = 17,100 

Gal. water = ~ = 2,055 gal. per lir. 

o.o»5 

Transfer-rate conditioiis will be as follows; 


1 

1 

Approx. 

film 

temp. 

1 .. 1 

^ 1 Side 

cosily i 

I 

Approx. 

vtdocity 

Film 

rate* 

Fouling 

factor 

. ! 

Gas oil. 

! 

i Ifio 

3.7 1 Shell 

1 

53 

4 

Water. 


j Tube 1 

5 

f)10 

1 

3 


* Fig. 120 and TiiVdo 55. 


H = 


1 


= 30.4 
= 81 

3(>.4 X 81 "" 

Factor of overcapacity = 20 

Use 200 sq. ft. 


+ 3(iio + 0.007 

log mean temp. diff. 

^ , 512,000 

Surface = 


PIPESTILL HEATER 

The crude oil will arrive at the pipestill at a temperature of 
about 410®F. It must be heated to a temperature sufficiently 
high to vaporize, by flash vaporization, 67.5 per cent of the crude 
oil. This reciuires a temperature of about 676°F. at the vaporizer 
at a pressure of 6.1 lb. per square inch absolute (page 669). 

The temperature at the outlet of the still will be somewhat 
higher than 676®F. because of the adiabatic vaporization that 
occurs in the transfer line to the tower. The outlet temperature 
can be computed with fair accuracy, but it is not important and 
in this case will not be computed. 

Pipestill Duty. —In computing the heat that will be absorbed 
in the pipestill, it is ngt necessary to know the pressure in the 






678 


PETROLEUM REFINERY ENGINEERING 


still or the outlet temperature, because the same amount of heat 
is required by any route, if the initial and final conditions are 
the same for each route (Examples 30 and 31). 

Assume that vaporization of the products occurs at the 
following arbitrary temperatures because the heat data are most 
accurate at these conditions and because some of the heat 
quantities have already been computed. However, the latent 
heats must be picked accordingly. 


Oil 

Temperature, 
deg. F. 

Latent heat 
(Fig. 37) 

Gasoline. 

410 

106 

Kerosene. 

410 

109 

Gas oil. 

546 

92 


Sensible heat: 

Gas*. 70(676 - 410)0.68 = 

Gasoline (vap.).6,660(676 — 410)0.615 * 

Kerosene (vap.).2,360(676 - 410)0.6 * 

Gas oil (liq.).6,450(546 - 410)0.69 - 

Gas oil (vap.).6,450(676 - 546)0.628 = 

Reduced crude.8,710(676 - 410)0.7 = 


Total sensible heat. . 

Latent heat: 

Gasoline. 6,660 X 106 = 706,000 

Kerosene.2,360 X 109 =* 258,000 

Gasoil.6,450 X 92 « 594,000 

Total latent heat. 1,558,000 ** 

Total pipestill duty. 

Coiuider the gee u a 150 A.F.I. material m estimating speeifie heat. 


B.t.U. 
per Hr. 

12,600 

1,090,000 

376,000 

605,000 

527,000 

1,620,000 

4,230,600 


1,558,000 

5,788,600 


Heat-balance of Still.—The approach between the tempera¬ 
ture of the stack gas and the temperature of the feed-stock should 
be about 290®F. (Fig. 196). The stack gas temperature would 
then be 410 + 290, or 700^F. 

The furnace could be fired with 25 per cent excess air, but 
general operation is nearer 40 per cent excess air. With this 
amount of excess air and burning some of the reduced crude oil as 
a fuel, the loss due to the temperature of the stack gases amounts 
to about 18 per cent (Fig. 56). 
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The heating operation is not a difficult one, and hence the 
radiant section can be designed for a radiation factor of 0.46 
(Table 50). This corresponds to a radiant-absorption rate of 
about 30,000 B.t.u. per square foot of projected area per hour 
(Fig. 137). 

The losses through the walls, etc., of the still amount to about 
3 per cent from the radiant section and 2 per cent from the con¬ 
vection section (Table 65). 

The efficiency of the still is 100 — 18 — 5 = 77 per cent. 

The heat-balance of the furnace is about as follows: 


Heat quantity i 

Per cent of 
net H.V. 

Heat, 

B.t.u, per hr. 

Heat input. 

100 

7,610,000 

376,000 

1,350,000 

3,380,000 

2,404,000 

Wall losses. 

5 

Stack loss. 

18 

Radiant absorption. 

45 

Convection absorption (by diff.). 

32 



Convection-section ,—If all of the gasoline is vaporized in the 
convection section, the oil is at approximately 512®F. as it leaves 
the convection section: 


6660 X 106 + 24,250(a: - 410)0.685 = 2,404,000 

X = 512®F. 


The flue gas that enters the convection section still contains 
100 — 45 — 3, or 52 per cent, of the net heating value of the fuel. 
Figure 65 shows that the temperature of the gas at the bridgewall 
will be approximately 1730°F. The furnace temperature that is 
recorded in plant operation is lower than this, but it is usually 
measured at another point. 


Larger temp. diff. 
Smaller temp. diff. 

log mean temp. diff. 


1,730 - 512 - 1,218 
700 - 410 = 290 
1,218 - 290 


In 


1,218 

290 


= 646^F. 


The convection section will be designed for an average flue-gas 
velocity of 15 ft. per second. With tubing that has an outside 
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diameter of 4 inches and with an average flue-gas temperature 
of about 1120°F., the over-all convection coeflScient is about 7.3 
(Table 64). 


Convection surface = = 510 sq. ft. outside surface 

Factor for overcapacity 60 

Use 570 sq. ft. 

Radiant Section, 

Radiant surface == projected area 

Factor for overcapacity = 17 

Use 130 sq. ft. 


In computing the tube diameters, the data given in Chap. XXII 
will be useful. However, the tube layout and structural design 
of the still will not be given herein because these details are too 
complicated to be presented in a discussion of this kind. 

Fud Required .—The net heating value of a 22.5 A.P.L fuel 
is about 17,800 B.t.u. (Fig. 50 and Table 25). 

Fuel 


or 


7,510,000 

17,800 


= 422 lb. per hr. 


422 

7.65 


= 55 gal. per hr. 


One burner could be used, but two small ones would be more 
satisfactory. 

Steam for atomizing (Fig. 58), 

422 X 0.3 = 127 lb. per hr. 

WATER REQUIRED 

The several products leave the coolers at almost the same 
temperature as the crude oil enters the plant, and hence the heat 
that must be removed by cooling water is almost equal to the 
heat that is added to the oil in the pipestill. When the water is 
at its maximum temperature of 95®F., 
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Approx, gal. of cooling water = n ntvo qo =* 23,200 gal. 

This is a maximum figure because some of this heat is lost through 
the insulation of the equipment. 


STEAM REQUIRED 

Reciprocating steam pumps would be used for the charge- 
stock and the reduced crude oil. The steam required for these 
pumps would be guaranteed by the pump manufacturers, but 
simple approximations can be had, as follows: 

The charge pump will operate at a pressure sufficiently high to 
force the oil through the exchangers and the pipestill and into the 
fractionating tower. The charge-pressure will be about 100 lb. 
per square inch gage. 

A simple manner of getting the steam consumption of a pump 
is to consider that the volume of oil that is pumped is the same as 
the volume of steam that is required if the pressures are the same, 
and except for the inefficiency of the pump. If the pressures are 
not the same, then the volume of steam that is used will be 
inversely proportional to the pressure. In this manner, the 
approximate steam consumption at an over-all efficiency of 50 
per cent is as follows: 

The specific volume of 150-lb. gage pressure steam is 2.76. 


l-vJ- 

7.5 ^ 150 0.5 ^ 2.76 


= 360 lb. per hr. 


In a similar manner the steam required for the bottoms pump, 
when pumping at 40 lb, per square inch, is about 


1,138 

7.5 


i2-V J-V JL 

150 0.45 ^ 2.76 


32.5 lb. per hr. 


Approximate Steam Requirements 



For pumps. 

For stripping (process steam) 
For burners. 


Lb. per hr. 

382 

1,129 

127 


Total 


1,638 
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With the feed-water at 130°F. and with saturate 150-lb. gage 
steam, the boiler horsepower corresponding to l,-638 lb. per hour 
is about 54. 

Summary. —The design as herein presented is inadequate 
in many respects. However, each design depends greatly upon 
the particular plant conditions that are encountered and upon a 
multitude of practical details. These details cannot be presented 
without becoming involved in a hopelessly tedious discussion 
and one that would be uninteresting to most readers. 
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Absolute temperature, 190 
Absorbers, design of, 271-274, 550- 
566, 660, 661 

diameter of, 479, 485-488, 567 
gas velocity in, 479, 487, 567 
plates in, 272, 561 

Absorption, of gases, 8, 271-274, 
544-566, 660, 661 
cost of, 650, 660, 661 
natural gasoline, 8, 16, 544-566, 
660, 661 

theory of, 227-238, 258, 271, 272, 
556-559 

Absorption computations, 271-274, 
556-567, 660, 661 

Absorption factor, 557, 559-562, 
660, 661 

Absorption oil, 13, 144, 559 
recirculation of, 545, 559-565, 660, 
661 

Acceleration, engine, 38, 139 
Acid corrosion, 283, 284 
Acid sludge, 185, 285, 609-611 
loss by, 575, 578, 579, 611, 624 
Acid treatment (see Treatment, 
sulfuric acid) 

Admiralty metal, 283, 396 
Adsorption, for color removal, 586- 
589, 604-606, 610-614 
of natural gasoline, 8 
After-cooler, 388 
Agitators, 589, 590, 607-610 
Air, cost of, 650 
Air preheat, 432, 433, 451-464 
Alkylation, 10, 329, 348, 349, 638- 
541 

Alkylation processes, 538-541 
AUoy steel, 282-285, 458-461 


Ammonia, for corrosion, 283, 286 
treating with, 589, 609 
Amorphous wax, 16, 626 
Analyses, of gases, 363, 546, 548 
of gasoline, 28, 294, 550 
of natural gasoliru?, 549-553 
of petroleum, 21-36, 78-80, 97-99 
of pressure distillate, 363, 364 
of products in general, 136-163 
Analysis methods, 37-99 
for cracking yields, 96, 97 
evaluation, 51-99 
fractional distillation, 63-66 
for products, 37-50 
treating, 94, 95 
true-boiling, 52-58, 63-66, 89 
for wax, 95, 96 

Antiknock properties, 31-33, 46, 80 
(See also Octane number) 
of hydrocarbons, 25, 31-33 
Aromatic hydrocarbons, 22, 24, 28, 
32, 142, 143, 294, 572 
Aromatization, 328 
Asphalt, 14, 15, 155, 156 
evaluation of, 93, 377 
properties of, 154—156 
tests for, 47 

by vacuum, 10, 376^378 
Asphalt base crude oil, 13, 68 
A.S.T.M. distillation, 39, 40, 224, 
225 

Atomization of fuels, 183-185 
Aviation gasoline, 137 

B 

Baffles, in exchangers, 393-395 
in towers, 473, 481, 482 
Barometric condensers, 373-378, 389 
Base of crude oil, 13, 68-80 
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Batch operation, 3, 222, 258, 589 
Baum6 gravity, 39 
Benzene (or benzine), 13 
Benzene hydrocarbons, 22, 24, 28, 
32, 142, 143, 294 
Bernoulli's theorem, 199 
Bimolccular reaction, 332 
Bituminous materials (see Asphalt; 
Road oil; etc.) 

Blending, of lubricating oils, 120-123 
naphtha, 13 

of natural gasoline, 553-556 
Blends, A.P.I. of, 555 
boiling-range of, 103,106,107, 554 
octane-number of, 555 
vapor-pressure of, 555 
viscosity of, 120-123 
Bloom, or cast, of oils, 77 
Boiling-point, average, 103, 106, 107, 
554 

correction of, for pressure, 29, 
129-132, 230-237 
effect of steam on, 250-252, 469, 
471 

end-, or cut, 40, 86, 87, 253 
of hydrocarbons, 114, 115 
initial, 40 

relation of, to properties, 68-76, 
80-93, 100-163, 230-237 
base of oil, 72 

characterization factor, 103- 
105 

critical conditions, 116, 117 
by curves, 68-93 
gravity, mol weight, critical 
temperature, etc., 103 
latent heat, 104-107 
of natural gasoline, 551, 552 
specific, or A.P.I., gravity, 
73, 103, 118-120 
specific heat, 101 
viscosity, 70, 73, 104, 124, 
125, 127 

Boiling-range, of blends, 554 
of natural gasoline, 551, 552, 554 
of oils, 14, 353-355 
Booster ejector, 373, 375 
Boyle’s law, 109 


Brightstock and hrightstock sold 
tion, 14-17, 93, 245, 369-372. 
608-614, 639-642, 649-654 
cost of manufacture of, 649-654 
dewaxing of, 15-17, 639-642 
distillation of, 14-17, 369-372 
filtering, or treating, of, 16, 608 
614 

Brine in crude oil, 383, 384 
British thermal unit (B.t.u.), 100, 
191 

Bubble caps, 474, 475 
Bubble towers, 7, 8, 10, 259, 375, 
376, 463-506 
{See also Fractionators) 
Buildings, cost of, 654 
Burners, steam for, 184 
Burning, of clay, 611, 613, 614, 649, 
650 

of fuel oils, 181-186, 436-441 
Burning oils, 141, 143 
{See also Kerosene) 

Burning tests, 48, 143, 144 
Burton cracking process, 5, 6, 507 
Butane, 114, 141, 235, 544, 550 

C 

Calcium or sodium hypochlorite, 
585, 598 

Calculation methods, calculations, 
examples, illustrations, etc. {see 

specific headings) 

Calorific value, 114, 115, 127, 128, 
154, 174-177 

Capacity of refineries, 5, 6 
Carbon residue, 48, 145, 148 
Cast, or bloom, of oils, 77 
Catalyst regeneration, 530, 531, 533, 
536 

Catalysts, 328-330, 341-350, 530, 
531, 582, 606 

Catalytic cracking, 6, 10, 330, 350, 
528-533 

Catalytic reforming, 532-533 
Catalytic treating, 606 
Caustic soda, 283, 286 
Caustic-wash treating, 582, 591 
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Centipoise, definition of, 42, 43 
C^ntrifix, 481, 482 
Centrifuge dewaxing, 9, 15-17, 639- 
642 

Centrifuge fractionator, 483 
Centrifuge treating, 602-604 
Characterization factor, 77, 101-105 
Charleses law, 109 
Chemical formulae, 21, 22, 28 
Chemical treatments (see Treating) 
Chemicals, neutralizing with, 283, 
286 

(Chemistry of treating, 571-586, 
597-614 

Chiller, 16, 629, 630, 639, 640 
Chromium steel, 282-285, 458-461 
(vhromometer color, 41 
Clay, burning of, 611, 613, 614 
contact filtration, 610, 611 
cost of, 649, 650 

treating, 586-589, 604-606, 610- 
614 

{See also Treating) 

Cleaner’s naphtha, 13, 142 
Clo\id-point, or test, 45 
Coal-oil, 3 

(See also Kerosene) 

Cocurrent operation, 258 
Coefficient, of expansion, 114, 115, 
117-119 

of heat transfer, 208 

{See also Heat-transfer coeffi¬ 
cients) 

Coil-in-box equipment, 388, 426-428 
Coke, 14, 15, 154 
in tubes, 454—458, 510-512 
Coking process, 15, 300, 509, 521- 
524, 528 
Cold test, 45 
Cold-test oils, 147, 148 
Cold-settling, 9, 639 
Color, comparison of scales of, 42 
of gasoline, 41, 140 
instability of, 144, 355, 356 
Color tests, 41, 42, 144 
Column, fractionating {see Frac¬ 
tionators) 


Combustion, 174-188 
atomization and burning of fuels, 
181-186 

calculations of, 174, 179, 181, 186, 
187, 193-197, 439-450 
cost of fuel and'power, 648, 650 
flue gases by, 175-181 
fuels {see Fuel oil) 
heat of, 114, 115, 127, 128, 154, 
174-177 

in pipestills, 429-454 
reactions of, 175, 178, 179 
steam for burners, 181-186 
Compounding lube oils, 120-123 
Compression, computations of, 240, 
565-567 

of gases, 109-116, 565 -567 
process, 8,. 9 

Compressibility factor, 111-113 

Computations, calculations, etc. {see 
specific headings) 

Condensation, 220, 226, 227, 240, 
565-567 

by compression, 240, 565-567 
heat-transfer rate for, 217, 404 
partial, 7, 226, 421-426 
retrograde, 247-250 
Condenser-tube data, 396 
Condensers, 388-390, 396, 404, 405, 
415-428 

barometric, 373-378, 389 
bent-tube, 408, 427 
coil-in-box, 388, 426-428 
design of, 416-426 
drip-type, 402, 416 
partial, 226, 389, 421-426 
Conduction of heat, 204-219 
Conductivity, thermal, 204, 205, 409 
Conservation of energy, 192-200 
Constants, conversion, 190, 191 
equilibrium, 229-238 
physical («c« Physical properties) 
Contact filtration, 610, 611 
Contact treatment, 610, 611 
Contacting, or mixing, 258, 591-595 
Continuous treating, 590, 591, 602 
Contraction loss, 172 
Control instruments, 379, 382 
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(>)nvection transfer of heat, 20&- 
219, 445-447 

Conversion constants, 190, 191 
Qmversion-per-pass, 308, 311-313, 
511, 512 
Q)olers, 388 

Cooperative Fuel Research, 46 
Copper chloride treating, 586, 599, 
600 

Corresponding states, tluiorein of, 
111-113 

(Corrosion, 281-287, 459, 460 

nentralizing chemicals for, 283, 
286 

Corrosiveness of oils, 97 
Costs, equipment and processing, 
647-663 

Countercurrent flow or. operations, 
212, 258-280, 391, 392, 614 
Crack-per-i)ass, 308, 311-313, 511, 
512 

Cracked fuel oil, 15, 17, 128, 292, 
300-302 

(bracked gas, 15, 17, 177, 289, 300, 
301, 311, 312, 525, 546, 548 
Crat^ked gas oil, 17, 292, 293, 305, 
309, 310, 322 

Oacked gasoline, 15-17, 28, 251, 
356, 361-365, 550 
Oacking, of butane, 315 

charge stocks for, 322, 510-513, 
522, 523 

clean circulation, 510, 511, 514, 
515 

coking of tubes, 454-458, 510-512 
conversion-per-pass, 308, 311-313, 
51*1,512 
cost of, 648-654 

cycle time efficiency, 508, 510,518 
of distilled and black stocks, 510, 
511 

effect of pressure on, 303,318-320, 
509, 510, 512, 516 
of temperature on, 306, 309, 
315-318,512 

of time on, 305-310, 316-318 
of velocity on, 320, ^1-326,511 
first practice of, 4 


Cracking, gas loss in, 299-301, 525, 
526 

history of, 4-7, 10, 288, 507 
hydrocarbons by, 23, 25, 28, 294 
for kerosene, 5 
in the laboratory, 96, 97 
oruHvthrough, 527-529 
practice of, 507-533 
products of, 15, 17, 291-297 
rate of, 305-310, 316 
recycling in, 293, 310-315 
refractory stocks, 305, 309, 310, 

512 * 

statistics on, 5, 6 
stocks for, 322, 510-513, 522, 523 
theory of, 288-291, 303, 310-315, 
320-326, 509-513 
vapor-phase, 5, 10, 312, 320, 321, 
509, 519, 520 

volume of products of, 321-326, 

513 

of wax distillate, 16, 638, 639 
yield of hydrocarbons by, 303-306 
yields by, 96, 294, 295, 299-303, 
305-309, 518, 525, 532 
Cracking plant, capacity, 5, 6 
vaporizer, 301, 515 
Cracking processes, 5, 6, 310-315, 
320, 321, 507-533 
Burton, 5, 6, 507 

catalytic, 6, 10, 330, 350, 528-533 
coking, 15, 300, 509, 521-523, 528 
combination, 6, 509, 522-528 
de Florez, 5, 520 
Donnelly, 514-519 
Dubbs, 6, 507, 514-519 
Gyro, 5, 519, 520 
Holmes-Manley, 507 
Houdry, 6, 528-532 
hydrofonning, 532, 533 
liquid- or mixed-phase, 5, 6, 320, 
321, 509, 514-519 
reforming, 6, 7, 293-295, 509, 512, 
623,526,527 
selective, 509, 512> 523 
thermal, 5Q8-4i28 
true-vapor-phase, 520 
tube still, 514-519, 521 
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Cracking processes, vapor-phase, 5, 
10, 312, 320, 321, 509, 519, 520 
viscosity breaker, 6, 509, 512, 522, 
525 

Winkler Koch, 512-519 
Cracking reaction, heat of, 297-299 
Creep strength of steel, 459 
Critical point, 103, 114-117, 247- 
250, 321-326 " 
volume at, 114, 115, 321-326 
Crude oil {see Petroleum) 

Crude scale, 15, 16, 633-635 
Crystallization of wax, 627-629, 
635-639 

Curves, evaluation, 52, 53, 73-92 
of economical operation, 657, 660, 
662 

flash-vaporization, 52, 86, 223, 
225, 238, 241-247, 353-378 
mathematics of, 80-83 
mid per cent, 52, 81-84, 353-377 
property, 52, 53, 73-92, 353-377 
true-boiling, 52, 88-91,, 353-377 
>deld or cumulative, 53, 85, 86, 
353 377 

Cycle-efficiency, cracking, 508, 510, 
518 

Cyclic or naphttienc hydrocarbons, 
22, 24, 25, 28, 294 
Cyclization, 328 

Cylinder stock or its solution, 14, 15, 
18, 93, 148, 245, 369-376, 
608-614, 6®9-642, 649-654 
(See also Brightstock) 

D 

Dalton’s law, 227-229, 250 
Dean and Davis viscosity index, 70, 
71 

Deasphaltizing, 616, 622-625 
Debutanizer, 362, 363, 367 
Decomposition, heat of, 297-299 
of hydrocarbons, 290, 29l, 303, 
304, 306, 314, 315 
in vacuum, 306, 318, 319 
deFlorez heater, or process, 5, 432, 
520 


Degradation, 293, 294 
Dehydrogenation, 10, 328, 344-347, 
534 

Density, 39, 118-120^ 683-686 
of hydrocarbons, 114, 115 
Dephlegm ation, or dephlegmator, 
226, 259 

Depreciation of equipment, 655, 656 
Depropanizer, 367 
Desalting of crude oil, 383, 384 
Design, outline of, 664-682 
Design calculations, computations, 
etc. (see specific headings) 
Dewaxing, 15-17, 626-646, 648, 650, 
654 

centrifuge, 9, 15-17, 639-642 
by cold settling, 9, 639 
cost of, 650, 654 

filter-press, 9, 15-17, 629-633, 
635-639 

history of, 9, 642, 643 
in laboratory, 95, 96 
solvent, 9, 642-646 
b.y sweating, 15-17, 633-635 
theory of, 626-629 
Diesel fuel oil and index, 144, 146 
Differential vaporization, 222 
Diolefin hydrocarbons, 25, 604 
Dirt in exchangers, 217, 218, 406- 
412 

Distillate, 13-16, 136, 143-145 
pressed, or paraffin, 15, 16, 355, 
369-371, 629-632, 635-639, 
649, 650 

pressure, or pressure still, 15, 17, 
311, 354-356, 361-365, 418- 
420, 550, 600-606, 649, 654 
Distillate-well liquid, 249, 550 
Distillation, A.S.T.M., 87, 39, 40, 
224, 225 ^ 
of crude oil, 52 
vs. T.B.P., 253 
batch, 3, 222, 224, 462 
continuous, 3, 10, 59-63, 223 
cost of, 648-650 

of crude oil, 19, 20, 354, 355, 
357-360, 467, 648-650, 653, 
654, 664-682 
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Distillation, fractional, 53, 54,63-66, 
546, 550 
Hempel, 51, 225 
history of, 3, 4, 7 
mechanism of, 222, 260-264 
of natural gasoline, 355, 365- 
367, 380, 545, 568, 569, 649 
steam, 250—252, 354, 355 
successive flash, 254, 255 
true-boiling-point, 51, 53-59, 74, 
87, 243, 253 

Vacuum, 10, 55-61, 354, 355, 
372-378, 421-426 

Distillation curves, 54, 224-226, 354 
Distillation processes, 3, 4, 259, 
353-378 

Distillation tests, 37, 39, 40, 52-66 
Distribution law, 276 
Doctor treating, 583, 599 
Donnelly cracking process, 514-519 
Downspouts, 476-478 
Drip-type condenser, 402, 416 
Dubbs cracking process, 514-519 
Ductility test, 47 

Duo-sol treating, 616, 617, 621, 622 
Dyes for gasoline, 140 

E 

Econoini(!S, of coking vs. cracking, 
528 

of desigTi, 647-663 
Edeleanu process, 10, 61(5-619 
Efficiency of bubble-plates, 483-485, 
492 *^ 

Emulsions, 383-386 
End-i)oint, 38, 40, 87, 253 
t;«. T.B.P. cut-point, 86, 87 
Energy balances, 192-200 
Engler distillation, 40 
Enlargement loss, 171, 172 
Enthalpy, 107-109 
Entrainment in bubble-plates, 480- 
483 

Entropy, 335 
Equiflux tubestill, 433 
Equilibrium, in mixtures, 229, 238- 
249 

in towers, 467-473 


Equilibrium, in vacuum, 58-61 
vapor-liquid, 227-247 
Equilibrium condensation, 226, 227, 
240, 421-426 

Equilibrium constants, 229-238 
Equilibrium vaporization, 52, 59-63, 
223, 238-247 
curve of, 52, 86, 241-247 
Equipment costs, 654-656, 661, 662 
Equivalent length of pipe, 165, 16(5 
Ethane, 23, 114, 232 
Ethyl gasoline, 139 
Ethylation, 329 

PUhylene hydrocarbons, 22, 23, 28, 
32, 33, 294 

Evaluation, asphalt, 93, 377 
brightstock, 93, 371 
of corrosion, 97 
(!racking-stock, 96 
crude oil, 51-63, 68-80, 88-90, 
358, 652, 653 

lubricating oil, 58, 90-92, 370, 
371, 375 

of oil stocks, 68-99, 651-654 
pressed distillate, 370 
pressure distillate, 362, 364 
reduced crude oil, 375 
residuum, 377 
wax distillate, 628, 635-639 
Evaluation equipment, 51-67 
Examples, calculations, illustrations, 
etc. {see sj^ecific headings) 
Excess air, per cent of, 176-179 
Exchangers {see Heat exchangers) 
Expansion with temperature, 109- 
116, 117-119, 321-326 
Extraction, 275-280, 616-625 
equilibrium in, 278-280 
Extreme-pressure lubricants, 151 

F 

Fanning’s equation, 165-167 
Film rates of heat transfer, 208, 
214-217, 398-428 
{See also Heat transfer coeffi¬ 
cients) 

of gases, 214, 405 
of oils, 215, 216, 398-401 
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Film temperature, 2X0,211,400,406 
Filter-press dewaidng, 9, 16-17, 
629-633, 636-639 

Filter presses, 695-597, 630-633, 
644, 646 

Filtration process, contact, 610, 611 
Flash and fire tests, 40 
Flash-point, value of, 9, 143-148 
Flash vaporization, 52, 59-63 223, 
225, 238-247 
successive, 254, 256 
in tower design, 467-473 
Flash-vaporization computations, 
241-247, 252-257, 421-424 
Flash-vaporization curve, 52, 130, 
241-246 

Flash-vaporization jug, 378 
Flow diagrams (see Processing) 

Flue gas, analysis of, 182, 186 
recirculation of, 432, 433, 451-454 
Flue gas temperature, 182, 660 
Fluid films, 164, 208 
Fluid mechanics, 164-173 
Fluidity, 43 

Foots oil, 15, 16, 629, 634 
Fouling of pipe surface, 168, 169 
Fouling factor, or resistance, 217, 
218, 406-413 

P'ractional analysis and apparatus, 
63-66 

Fractionation, 7, 10, 266, 259-270 
461-506, 568-570, 636, 637 
of complex mixtures, 489-506 
effect of pressure on, 376 
of wax crystallization on, 636,637 
equations of, 266-269, 496, 497 
mechanism of, 260-264, 493-497 
processes, 353-378 
theory of, 264-271, 489-504 
Fractionator computations, 463-473, 
485-606, 568-570, 667-672 
Fractionators, or towers 353, 362- 
367, 463-606 
baflBe-type, 473 

bottom temperature of, 570, 669, 
670 

bubble caps for, 474-476 
dephlegmation, 226, 259 


Fractionators, diameter of, 486-*489 
down-pipes in, 476, 477 
efficiency of, 483-486, 492 
entrainment in, 480-483 
heat balances of, 197-199, 463- 
467, 667-671 
intermediate, 497 
multiple-draw, 463, 497 
natural-gasoline, 568-570 
packed-type, 473 
plate design of, 473-480 
plates, number in, 491, 492, 504 
pressure-drop in, 478, 479 
reflux for, 463-467 
spacing of plates in, 480, 481, 485, 
487 

temperatures in, 467-473, 492, 
568^570, 669, 670 
top temperature of, 467-470, 568 
vapor velocity in, 485-489 
Free energy, 334-341 
Friction factor, 166-169 
Friction loss, 164-173, 414, 415 
in exchangers, 414, 415 
in pipestills, 257, 454 
in towers, 479 

Fuel consumption of refineries, 660 
Fuel oil, 10, 13-15, 127, 128, 144, 
145, 153, 175, 176, 183, 439 
cracked, 15, 17, 128, 292, 300-302 
distilled, 13, 14, 144 
residual, 14, 153 
stove, 15, 142 
tractor, 15, 143-145 
Fuels, atomization and burning of, 
181-186, 440 

properties of, 175-177, 439 
Fuller's earth and clays, 17, 588, 
689, 612, 613 

Furfural treating, 278-280, 616, 617, 
610-621 

Furnaces, 175-182, 195-197, 435- 
454, 654, 658-662, 678-680 
calculations for, 175-181,195-197, 
43fi-454, 668-662 
combustion charts for, 180, 182 
cost of, 664, 658-662 
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Furnaces, heat balances of, 195-197, 
450, 678-680 
losses from, 447-449 
Fusion, heat of, 107 

G 

Gas, analysis of, 63-66,186 
cracked, 15, 17, 300, 30.1, 546 
in crude oil, 548 

deviation from perfect or ideal, 
110-116 

enrichment of, 13, 544 
gasoline recovery from, 8, 544- 
546, 548, 551, 552 
heat of combustion of, 174, 175, 
177, 178, 439 
laws of, 110-116 
natural, 13, 546 
Orsat analysis of, 182, 186, 187 
polymerizer, 546 
refinery, 13, 15, 546 
Gas computations, 109-116, 238- 
241, 250-252, 321-326, 548, 
556-567 

Gas constant, 111-113 
Gas oil, 13-15, 144 
cracked, 17, 292, 293, 305, 309, 
310, 322 

vacuum production of, 376-378 
Gas plants, 544 

Gasoline, 5, 8-11, 13-19, 28, 38, 40, 
48, 79, 80, 87, 137-141, 253, 
292-296, 311, 329, 341-344, 
354-365, 418-420, 528-533, 

543-556, 600-606, 649, 654 
blending of, 553-556 ^ 

catalytic, 10, 28, 350, 528-533 
chemical analyses of, 28, 294 
colored, 11, 140 
cracked, 5, 140, 292-296 
end-point of, 37, 38, 40, 87, 137, 
253 

gum in, 48,137,139,140, 573,581, 
582, 590, 604-606 
inhibitors for, 11, 141, 581, 582, 
590 

natural, 8, 15, 140, 549-553 


Gasoline, octane-number of, 11, 80, 
137, 138, 293-296, 528-533, 549 
by polymerization, 10, 329, 341- 
344, 524, 533-538 
pressure-still, 15-17,311,354-356, 
361-365, 418-420, 550, 600- 
606, 649, 654 
properties of, 46, 137-141 
recovery of, from gas, 544-546, 
548, 551, 552 

by topping, 5, 15-20, 357-360 
treating of, 16, 574, 577-586, 591, 
597-606, 649, 654 

Gasoline content of crude oil, 72, 78, 
79 

Gasoline content of natural gas, 546, 
548 

Gasoline specifications, 137-141, 
549, 551 

Gay-Lussac's law, 109 
Grades of natural gasoline, 551 
Gravity, A.P.I. 38, 39, 683-686 
Baum 6, 39 

of crude oils, 72, 73, 78, 79 
mid-per-cent curve of, 73-75, 81- 
84 

specific, 38, 39, 118 
Gray vapor-phase treating, 604, 605 
Greases, 14, 1.5, 150-152 
Gross heating value, 128, 174, 176, 
177 

Gum in gasoline, 48, 137, 139, 573, 
581, 582, 590, 604-606 
Gyro cracking process, 5, 519, 520 

H 

Heart-cut of lubes, 58, 59, 90-92 
Heat, of combustion, 114, 115, 127, 
128, 154, 174-177 
net and gross, 174, 176, 177 
cost of, 650, 658, 659 
of decomposition, 297-299 
of formation, 336 
of fusion, 107 
latent, 104-106, 114, 115 
of reaction, 297-299, 341, 344, 
348 
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H«at, specific or sensible, 100-102, 
107, 108, 114, 115, 179-181 
of vaporization, 104-106, 114, 115 
Heat balances, 180-198, 468-473 
Heat exchange, 4, 10, 360, 361, 388- 
428, 656-658 

Heat exchangers, 388-428, 654, 658 
baffles in, 393-395 
cleaning of, 406-411 
construction of, 393-398, 416 
cost of, 654, 658 

countercurrent flow in, 212, 391, 
392 

economics of, 656-658 
fouling or dirtying of, 217, 406- 
412 

friction loss in, 414, 415 
passes in, 390-393 
pressure-drop in, 414, 415 
transfer rates in {see Heat-transfer 
coefficients) 
tube data for, 395-397 
velocity in, 402-404 
Heat losses in pipestills, 205-207, 
214, 215, 447-449 

Heat transfer, 201-219, 388-428, 
435-458, 462 

by conduction, 204-214, 409 
by convection, 208-214 
fouling resistances in, 217, 218, 
406-412 

over-all, 209, 398,427, 428 
by radiation, 201-203, 431, 435- 
445 

rate of {see Heat-transfer coeffi¬ 
cients) 

theory of, 201-214, 435, 454 
in wax chillers, 410-412, 629, 630 
Heat-transfer coefficients, 208, 214- 
217, 398-428, 445-449, 629, 630 
coil-in-box, 426-428 
condensing, 404, 405, 416-418 
drip-type condenser, 402 
of gases, 213, 405, 445-447 
of oUs, 215, 216, 398-402 
on outside of tubes, 400-404 
over-all, 209, 398, 427, 428 
of steam, 405 


Heat-transfer coeffloients, in vacuum, 
421 

of water, 401, 402 
wax chiller, 410-412, 629, 630 
Heated perimeter, 216 
Heaters {see Tubestills) 
steam, 388-428 

Heating value, 114, 115, 127, 128, 
154, 174-177 

Hempel distillation, 51, 224, 225 
Henry’s law, 227, 230 
Herschel viscosity diagram, 123 
History, 3-12 

Holmes-Manley process, 507 
Houdry catalytic cracking, 528-532 
Houdry catalytic treating, 606 
Hydraulic radius, 165 
Hydraulics, 164-173 
Hydrocarbon mixtures at critical 
point, 247-249, 321-326 
Hydrocarbon processes, alkylation, 
348, 349, 538-541 
decomposition, 303-307, 309, 314, 
315 

dehydrogenation, 344-347 
hydrogenation, 347, 348 
isomerization, 329, 349, 350 
polymerization, 341-344, 533-538 
Hydrocarbons, acid treatment of, 
572-574, 576, 577 
aromatic or benzene, 22, 24, 28, 

32, 142, 143, 294 
compression of, 30, 31 

in cracked products, 23, 28, 289, 
290, 294 

critical data of, 114, 115, 247-250 
cyclic, 22, 24, 25, 28 
decomposition of, 290, 291, 303, 
304, 314, 315 

detonation characteristics of, 31- 

33, 114, 115 
diolefin, 25 

equilibrium constants of, 229-238 
formulae of, 21, 22, 28 
fractionation of, 365-367, 568-570 
free energy of, 334-341 
heat of combustion of, 114, 115 
isoparaffin, 22, 25, 31-38 
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Hydrocarbons^ naphthene, 22,24,28, 
32, 33, 294 

octane numbers of, 31-33, 114, 
115 

olefin, 22, 23, 28, 32, 33, 294 
paraffin, 22, 23, 28, 31-33, 294 
in paraffin wax, 23, 626, 627 
in petroleum, 21-25, 27-29 
physical properties of, 114, 115 
radicals, 25 
reactions, 328-330 
rebuilding of, 327-352 
series of, 21-28 
specific heats of, 114, 115 
vapor-pressures of, 29, 131 
viscosity of, 126, 127 
Hydrocihloric acid corrosion, 283, 
284 

Hydroforming process, 532, 533 
Hydrogen sulfide, 281-283, 582-586, 
591, 598-601 

Hydrogenation, 7, 10, 330, 347, 348 

Hydrometer, 39 

HyiK>chlorite treating, 585, 598 

I 

Ideal fractionating plate, 483-485 
Ideal gases, 110-116 
Illustrations, examples, computa¬ 
tions, etc. (see specific headings) 
Inflammability limits, 114 
Inhibitors, for gum, 11, 581, 582, 590 
for wax, 673 

Initial boiling-point, 38, 40 
Insecticides, 145 
Instrumentation, 379-382 
Insulation, pipe, 207, 208 
Intermediate base crude oil, 68-80 
Isomers and isomerization, 22, 25, 
26, 329, 349, 350 

Isoootane or 2,2,4-trimethylpentane, 
32,46 

Isooctane processes, 508 
Isoparaffin hydrocarbons, 22, 25, 
31-33 

Isovis motor oil, 147 


J 

Jet condenser, 389 
K 

Kauri butanol number, 142 
Kelly filter press, 596 
Kerosene, 5, 9, 13-16, 141, 143, M4, 
577-579, 607, 608, 649 
aromatics in, 143, 572 
evaluation in crude oil, 87, 144 
instability of, 144 
properties and tests of, 38-42, 141, 
143, 144 

treating of, 16, 607, 608 
Ketone dewaxing, 645, 646 
Kinematic viscosity, 43, 44, 104 
Knock testing, 46 
Knowles coke oven, 522 

L 

Laboratory operations, 37-50, 51 
67, 68-99 

design data from, 51-53, 68-97 
dewaxing in, 95, 96 
flash vaporization in, 52, 61-63 
fractional analysis in, 63-66 
treating in, 94, 95 
true-boiling-point, 52-58 
Laboratory evaluation equipment, 
51-67 

Laboratory replica plants, 51 
Laboratory tests, 37-50 
asphalt, 47 
cloud, or pour, 45 
color, 41, 42 
distillation, 39, 40 
flash and fire, 40 
gravity, 38, 39 
gum, 48 

miscellaneous, 48 
octane number, 46 
routine or plant, 37-50 
significance of, 37, 38, 136-163 
sulfur, 46 
viscosity, 42-45 
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Lacquer diluent, 142 
Latent heat, 104-106, 114, 115 
of fusion, wax, 107 
of hydrocarbons, 114, 115 
molal, 264 

Lead sulfide treating, 584 
Liquefied gases, 367, 544, 546, 548 
Li(iuid-phase cracking, 5, 6, 320, 321, 
509, 514-519 

Licpiid-vapor equilibrium, 227-247 
lji(|uid volume of gases, 326, 548 
Logarithmic mean temperature, 212, 
213, 391, 392 
Lovibond colors, 42 
Lubricants, 14, 15, 150-152 
Lubricating oils, cast, or bloom, of, 
77 

cost of manufacture of, 648-650, 
654 

dewaxing of, 9, 15-17, 626-646 
evaluation of, 58, 90-92 
naphthene and paraffin base, 9, 
69, 73, 149, 150 
production of, 149, 150 
S.A.E. classification of, 145-147 
specifications of, 145-150 
tests for, 38-46, 144-150 
treating of, 608-625 
by vacuum distillation, 372-376 
viscosity of blends of, 120-122 
for winter, 146, 147 

M 

McCabe and Thiele fractionation 
diagram, 268-270 

xMarket demands, 5, 6, 9-11, 651-653 
Material balances, 189-198 
Mean temperature difference, 212, 
213, 391, 392 

xMercaptans, 21, 571, 573, 582-586, 
.598-601 
Metallizing, 285 
Methane, 23, 114, 231 
Mid-per-cent curve, 52, 81-84, 353- 
377 

Mixed, or Mid-Continent, base 
crude oil, 68-80 


Mixed ketone dewaxing process, 645, 
646 

Mixing columns in treating, 591-594 
Molecular fraction or percentage, 
103, 189, 190, 230, 555 
Molecular volume, 109, 189-191 
Molecular weight, 103, 109, 178, 
189-191 

Molecule, or mol, 103, 109, 178, 
189-191 

Motor oil, 13-16, 145-150 
(See also Lubricating oils) 

N 

Naphtha, 13, 15, 16, 141, 142, 367- 
369 

Naphthene base oil, 68-80 
Naphthene hydrocarbons, 22, 24, 
28, 32, 33, 294 

Naphthene-intermediate base oil, 
68, 74 

Natural gas, 8, 9, 13, 15, 544-548 
Natural gasoline, 8, 9, 15, 365-367, 

543- 570, 597, 598 
analyses of, 550 
blending of, 553-556 

cost of absorption of, 660, 661 
stabilization of, 8, 365-367, 545, 
568-570 

treating of, 16, 597, 598 
Natural gasoline plant design, 556- 
570 

Natural gasoline plant instruments, 
380 

Natural gasoline processes, 8, 353, 

544- 547 

Natural gasoline specifications, 549- 
553 

Navy work-test for oils, 149 
Neohexane alkylation plant, 540 
541 

Net heat of combustion, 174, 176 
Neutral oils, 13-15, 369-371, 612- 
614, 649 

Neutralizers, ammonia, 283, 286, 
589, 609 

clay, 606, 609-611 
Neutralizing corrosion, 283, 286 
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0 

Octane number, definition of, 46 
effect of acid treatment on, 574 
effect of altitude on, 139 
of gasolines, 80, 137-139, 293- 
296, 526, 527, 534, 549 
of hydrocarbons, 31-33, 114, 115 
test for, 46 
Ointments, 14 

Olefin hydrocarbons, 22, 23, 28, 32, 
33, 294 

Oliver pre-coat filter, 597 
Open-cup flash test, 40 
Operation, conditions of, 353-378 
costs of, 647-662 
Orsat gas analysis, 186 
Osterstrom treating process, 605,606 
Oxidation corrosion, 284, 285 

P 

Packed towers, 473 
Paint remover, 142 
Paint thinner, 13, 142 
Paraffin base crude oil, 68-80 
Paraffin distillate, 14-16, 372-376, 
635-639 

Paraffin hydrocarbons, 22, 23, 25, 
28, 31-33, 294 

Paraffin wax, 14, 23, 27, 150, 152, 
627-629 
(See also Wax) 

Parallel flow, 212 

Partial condensation and condensers, 
7, 226, 421-426 

Partial-pressure, 228, 250-252, 469, 
471 

Partial-vapor-pressure, 229, 230, 570 
Penetration, curve of, 377 
Penetration test, 47 
Pensky-Martens flash test, 41 
Percolation filtering, 612-614 
Perfect gases, 110-116 
Peters's true-boiling apparatus, 53- 
58 

Petrolatum and its solution, 14, 
17, 47, 640 


Petroleum, analyses of, 26-29 
methods, 51-99 
A.P.I. gravity of, 72, 78, 79 
base of, 68-80 

composition of, 21-29, 78-80 
desalting of, 383j 384 
gasoline content of, 72, 78, 79 
hydrocarbons in, 21-29 

(See also Hydrocarbons) 
industry, size of, 5, 6, 11 
nitrogen in, 21 
oxygen in, 21 

physical properties of, average, 
78-80 

processing of, 18-20, 353-360, 
37^384 

production of, 11, 78 
properties of products of, 18, 136- 
163 

references to fields of, 97-99 
sulfur in, 18, 21, 78, 80 
wax in, 18, 68, 69 
Phenol treating process, 616, 617 
Phosphoric acid polymerization, 536, 
537 

Physical properties of stocks, 100- 
135 

boiling-point, or range, 72, 242, 
243, 247-250, 253, 353-378 
effect of pressure on, 29, 120- 
132 

characterization factor, 77, 101- 
104 

coefficient of expansion, 117-119 
conductivity, 205, 409 
cracked materials, 291-297, 302 
critical data, 116, 117 
curves of, 52, 53, 80-86, 353-378 
density, 118-120 

heat of combustion, 127, 128, 176, 
177, 439 

heat of fusion, 107 
latent heat, 104-107 
molecular weight, 103 
octane number, 28, 80, 294-296, 
532, 549 

specific gravity and A.P.I., 73, 
118-120, 292, 683-686 
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Physical properties of stocks, specie 
fic heat, 100-102, 107-109 
surface tension, 486 
vapor-pressure, 128-132 
viscosity, 69, 70, 73, 120-127 
Pilot, or replica, plants, 51 
Pipe, dimensions of, 169 
equivalent length of, 165, 166 
friction loss in, 164-171 
insulation of, 207, 208 
surface condition of, 168, 169 
Pipestills (see Tubestills) 

Plant design, 664-682 
Plate efficiency, 483-485, 492 
Plate-and-frame filter press, 630-633 
Podbielniak fractional analysis, 53, 
63-66 

Polymerization, 10, 25, 329, 341-344, 
‘ 523, 533-538 

during craetking, 288, 289, 308 
rate of, 342, 343 

Polymerization processes, 533-538 
Pour-point, 45, 147, 148 
Power costs and requirements, 650 
Pressed distillate, 15, 16, 355, 369- 
371, 629-633, 635-639 
Pressing of wax, 15-17, 629-633, 
635-639 

Pressure, critical, 114-116 
effect of, on absorbers, 564, 565 
on boiling-point, 29, 129-132, 
230-237 

on cracking, 303, 318-320, 509, 
510, 512-516 

on distillation, 353-355,372-378 
on gases, 110-116 
on stabilizer, 569 
reduced. 111 

Pressure (or pressure-still) distillate, 
15, 17, 251, 355, 356, 361-365, 
418-420, 550, 600-606, 649, 654 
distillation of, 355, 356, 361-364 
stabilization of, 362-364 
treating of, 16, 361, 362, 574-578, 
581, 599-606 

Pressure distillate butts, 15, 362 
Pressure distillate condenser, 418- 
420 


Pressure-drop, in exchangers, 414, 
415 

in fractionating towers, 478, 479 
in pipestills, 257, 454 
Pressure-still tar, 6, 15, 17, 292,300- 
302 

Process steam, 355, 372, 374 
Processing, 13-20,353-378, 507-542, 
543-556, 597-625, 629-635, 

639-646 

asphalt, 376-378 

calculation of topping plant, 664- 
682 

complete, 15, 19, 20 
control of, 379-382 
costs of, 647-650 

cracking, 19, 20, 288-326, 311, 
315, 507-528 

crude oil, 13-20, 357-360, 522-525 
cylinder stock solution, 608-614 
hydrocarbon, 303-307, 309-314, 
315, 327-352 

laboratory, 51-67, 68-100 
lubricating oil, 14, 19, 20, 355, 
369-371, 608-625 
naphtha or solvent, 367-369 
natural gasoline, 8, 16, 365-367, 
380, 543-556, 660, 661 
operating conditions for, 353-357 
outlines of, 13-20, 353-378, 664- 
682 

pressed, or wax, distillate, 15, 16, 
19, 355, 369-371, 629-633, 
635-639 

pressure distillate, 355, 356, 361- 
364, 418-420, 600-606 
reduced, or topped, crude oil, 19, 
372-378 

topping, or skimming, 14, 19, 20, 
357-360 

treating, 16, 586-625 
Products, 13-20, 139-163 
boiling-range of, 14, 136, 353-378 
classifications of, 13-15, 136, 353-* 
356 

cracked, 15-17, 291-304, 319, 
518-533 
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Products, evaluating, in stocks, 52, 
53, 68-100, 353-378 
intermediate, or raw, 15-18 
market demands for, 9-11 
physical properties of {see Physical 
properties of stocks) 
properties or specifications of {see 
Specifications) 

property curves of, 52, 53, 73-92, 
353-378 

testing of, 37-50, 61-100 
value of, 651-663 
Propane, 114, 233, 550, 617 
Propane processes, 616, 617, 621- 
625, 643-645 

Properties {see Physical properties) 
Propylation, 329 
Pseudo critical-point, 117, 247 
Pumps, cracking still, 616, 517 
steam for, 681 

Q 

Quenching, or quench, stock, 6, 510 
R 

Radiant absorption rate, 436-445, 
512 

Radiant heating, 201-204, 435-445, 
453 

Radiation, 201-203, 435-445, 446, 
453 

coefficients, or constants, of, 202 
distribution of, 203, 442-445 
Radicals, organic chemical, 25 
Ramsbottom carbon-residue tost, 48 
Raoult^s law, 227-230 
Reaction, equilibrium in, 335, 338- 
341 

heat of, 297-299, 341, 344, 348 
rate of, 305, 306,330-334, 344-350 
thermodynamics of, 334-341 
Reactions of hydrocarbons, 328-330 
Realization {see Evaluation) 
Reboilers, 364-366 
Recirculation, absorption oil, 559- 
564, 660, 661 

Rectification {see Fractionation) 
RectifieT {see Fractionator) 


Recycle ratio, 293, 310-315 
Recycle stock, or oil, 17, 292, 293, 
305, 309, 310, 322 
Recycling, 310-315, 511, 536 
Red oils, 16 

Reduced crude oil, 19, 357-359, 372- 
378 

Reduced temperature, pressure, vol¬ 
ume, etc., Ill 

Reducing of crude oil, 14, 19, 357- 
360, 372-378 

Refineries, cost of, 654, 666 
statistics of, 1-3, 5, 6, 11, 78-80, 
149, 150, 165 

Refinery operating costs, 647-650 
Refinery products, demand for, 9-11 
Reflux, circulating, 358, 465-467 
cold, 362, 464 

effect of amount of, 270, 490-491, 
568 

hot, 377, 465, 466 
infinite, 270, 490, 498 
internal, 464, 466, 472, 493 
least, 498 

minimum, 266-270, 498 
quantity of, 270,466, 467,490, 568 
Reforming, 6, 7, 293-297, 509, 512, 
523, 526, 527 

Refractory stocks, 305, 309, 310, 512 
Refrigeration by expansion of hydro¬ 
carbons, 30 

Regeneration of catalysts, 530, 531, 
533, 536, 537 

Reid vapor-pressure, 48, 549-555 
Relative viscosity, 42 
Replica, or pilot, plants, 51 
Residuum, 354, 376-378 
Retrograde condensation, 247-249 
Reynolds criterion, 166-168 
Road oil, 10, 14, 154, 155 
Roofing material, 14, 155, 156 
Rubber cement solvent, 142 

S 

S.A.E. (Society of Automotive Engi¬ 
neers) oils, 145-147 
Salt removal from crude oil, 383, 384 
Saybolt chromometer, 41 
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Saybolt viscosimeter, 43, 44 
Selective cracking, 509, 512, 523 
Sensible and specific heat, 100-102, 

107, 108, 114, 115, 179-181 
Sensitive stocks, 353-356, 361, 362, 

369-372 

Separators and settlers, 383-386, 
594, 595 

Shellstnis, 357, 429-431, 462 
Skimming, or topping, 14, 19, 20, 
357-360, 648, 654 
Slack wax, 15, 16, 19, 629, 633-635 
Sludge, acid, 185, 285, 609-611 
Society of Automotive hinginecrs, 
classification of oils, 145-147 
Solutizer treating process, 583, 600, 
601 

Solvent, dewaxing, 9, 10, 642-646 
extraction, or treating, 10, 275- 
280, 616-625 

Solvents, 13, 141, 142, 367-369 
in extraction and dewaxing, 617, 
643 

Space velocity, 333 
Specialty products, 156, 162, 327 
Specific gravity, 38, 39,118, 683-686 
effect of temperature on, 117-119 
of hydrocarbons, 114, 115. 
of petroleum or crude oil, 29, 68, 
72, 73, 78, 79 

relation of A.P.I. to, 39, 683-686 
Specific heats, 29, 30, 100-102, 107, 

108, 114, 115, 179-182 
effect of pressure on, 107, 108 
of flue gases, 179-182 

of gases, or vapor, 101, 102 
of hydrocarbons, 114, 115 
of liquid oils, 100, 101 
ratio of, at constant volume and 
pressure, 29, 30, 114 
of vapor, 101, 102, 114, 115 
Specific volume, 109 
Specifications, or properties, of prod¬ 
ucts, 136-163 
asphalt, 154-156 

burning oils, or kerosene, 141-143 
coke, 153, 154 


Specifications, distillates, 144, 145 
fuel oil, 153 
gasoline, 137-140 
greases and waxes, 150-152 
kerosene, 141-143 
lubricating oils, 145-150 
naphthas or solvents, 141, 142 
natural gasoline, 549-553 
residues, 152-156 
road oil, 154, 155 
solvents, 141, 142 
specialties, 156, 327 
waxes, 150, 152 

Stabilization and stabilizers, 8, 353, 
365-367, 523, 545, 568-570 
for pressure distillate, 362, 363 
Stainless steel, 283, 458-461 
Statistics of industry, 5, 6,11, 77-80, 
149, 150, 155 

Steam, amount of, required for proc¬ 
essing, 354, 355, 372, 374, 558, 
559 

for burners, 184 
cost of, 650 

effect of, on boiling-point, 250, 
251, 372, 469, 471 
partial-pressure effect of, 250-252, 
274, 469, 471 
required by pumps, 681 
in vacuum distillation, 374 
Steam distillation, 354, 355, 372, 
374, 469, 471, 545, 558, 559 
Steam refined cylinder oils, 14r-18, 
93, 148, 245, 369-376, 608-614, 
639-642 

Steam stripping, or strippers, 274, 
275, 372, 463, 505, 506, 545, 558, 
559 

Steel, chromium, 282-285, 458-461 
Stenches, 553 

Stirling condenser sections, 426 
Stoddard’s solvent, 142 
Stokes’s law of settling, 385 
Stove distillate or oil, 15, 143 
Stratford contactor treating poocess, 
602-604 

Stratford vapor-phase process, 605 
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Stream-line flow, 164, 166, 167 
Stripping with steam, 274, 275, 372, 
463, 505, 506, 545, 558, 559 
Stripping factor, 558, 559 
Sulflde corrosion, 281-283 
Sulfide removal {see Sweetening 
treatment) 

Sulfur, in lubricants, 151 
in oil, 21, 46, 78, 80,137, 140,143, 
154, 571, 573, 576-579, 582- 
586, 606 

removal of, 573, 576-579, 582-586, 
606 

tests for, 46 

Sulfur dioxide treating, 617-619 
Sulfuric acid, 285, 574, 576 
Sulfuric acid processes, 344, 349, 
538-540 

alkylation, 349, 538-540 
polymerization, 344, 538 
Sulfuric acid treating, 572-582, 
602-604, 607-610, 623, 624 
action on chemical compounds, 
572-574 

amount of acid, 576,677, 607, 609, 
,624 

concentration of acid, 575, 576 
effect on octane-number, 574 
loss in, 575, 579, 611, 624, 649 
in propane solution, 622-624 
removal of sulfur by, 573, 576, 
577, 579, 583, 600, 601 
temperature for, 577-580 
time of contact for, 580, 581, 602, 
603, 609 

Surface tension, 486 
Sweating, 16, 19, 633-635 
Sweetening treatments^ 571, 582- 
586, 597-601 
caustic wash, 582, 591 
copper cliloride, 586, 600 
doctor, 583, 599 
hypochlorite, 585, 598 
lead sulfide, 584 
Solutizer, 583, 600, 601 
Sweetland filter press, 596, 602, 610, 
611 


T 

Tag flash test, 41 
Tag-Robinson color, 41 
Tar, cracked or pressure-still, 15, 
17, 128, 292, 300-302 
Temperature, absolute, 190 
effect of, on gases, 110-116 
reduced. 111 

Tests or testing {see Laboratory 
tests; Physical properties; Spec¬ 
ifications; etc.) 

Tetraethyl lead, 48, 139, 590, 649 
Theorem of corresponding states, 
,111-113 

Thermal alkylation process, 540, 541 
Thermal conductivity, 204, 205, 409 
Thermal decomposition, 297-299 
Thermar polymerization process, 
533-536 

Thermal radius, 216 
Thermodynamics, 192-197,297-299, 
334-341 

Time in cracking, 305-310, 316-318 
Topping crude oil, 14, 19, 20, 357- 
360, 648, 654 

Tower temperatures, 467-473 
Towers {see Fractionators) 

Tractof fuel oil, 15, 143, 144 
Transfer rates {see Heat-transfer 
coefficients) 

Transmission grease, or oil, 148, 
150-152 

Trays, bubble, 473-480, 491, 492, 
504 

Treating, or treatment, 16, 17, 

571-625 
acid, 572-581 

{See also Sulfuric acid treat¬ 
ing) 

adsorption and clay, 586, 589, 
604-606, 610-614 
catalytic, 600, 606 
centrifuge, 602-604 
clays used in, 588, 589, 605, 612 
cost of, 648-650, 654 
design of equipment for, 589-597 
distillate and gas oil, 16 
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Treating, equipment for, 383-386, 
689-597 

contacting, 591-594 
filtering, 595-597, 612-615 
mixing columns, 591-594 
settlers, 383-386, 594, 595 
gasoline, 16, 573, 574, 577, 578, 
581-586, 590, 598-606 
kerosene, 16, 572, 577-579, 581, 
607, 608, 616 
laboratory, 94, 95 
loss during, 575, 579, 611, 624, 649 
lubricating oil, 575, 577, 579, 580, 
586-589, 608-614, 616-625 
naphtha or solvent, 16, 577 
natural gasoline, 16, 577, 582-586 
597, 598 

neutral oil, 16, 612-614 
paraffin wax, 16, 612-614 
pressure distillate, 16, 574-578, 
581, 600-606 
purposes of, 571, 572 
by solvent extraction, 616-625, 
649, 650, 654 

by sulfuric acid, 572-581, 602-604, 
606-611, 622-624 
(See also Sulfuric acid treat¬ 
ing) 

sweetening, 582-586, 591, 598-601 
(See also Sweetening) 
vapor phase, 604-606 
waste water, 384-386 
Treating processes, 571-625 

acid, 572-582, 599,600, 607-610 
(See also Sulfuric acid treat¬ 
ing) 

catalytic, 600, 606 
caustic wash, 582 
contact, 610, 611 
cost of operation and equip¬ 
ment, 649, 650, 654 
doctor, 583, 584, 599 
Duo-sol, 621, 622 
Edeleanu, 10, 618, 619 
furfural, 619-621 
Gray vapor-phase, 604, 605 
Houdry, 606, 607 
h.vpochlorite, 585, 597, 598 


Treating processes, lead sulfide, 584 
Osteirstrom, 605, 606 
percolation, 612-614 
propane, 622-625 
Solutizer, 583, 600, 601 
Stratford, 602-605 
sulfuric acid, 572-582, 599, 600, 
607-610 

sweetening, 582-586, 591, 598- 
601 

(See also Sweetening) 
Tretolites for crude oil emulsions, 
384 

True-boiling-point, 52-59, 74, 87, 
243, 253 

apparatus for, 53-58 
curves by, 52, 73-77, 89, 224, 225, 
354 

relation of, to A.S.T.M., 253 
to flash cxirve, 243 
Trumble process, 4 
Tubes, dimensions of condenser, 396 
materials for, 282, 459 
pipestill, 454-459 
spacing of, 395-397, 438, 442-445 
Tubestill cracking process, 514-519, 
521 

Tubestills, 429-462, 650, 654, 658- 
662 

air preheat in, 432, 451-454 
coke in tubes of, 454-458, 510-512 
convection heat transfer in, 445- 
447 

costs of, and operation, 650, 654, 
658-662 

dimensions of, 661, 662 
efficiency of combustion in, 429- 
431 

flue-gas velocity in, 447, 660 
heat losses from, 205-207, 214, 
215, 447-449 
oil velocity in, 442, 457 
pressure-drop in, 257, 454 
radiation in, 433, 435-446, 453, 
512 

recirculation of flue gas in, 433, 
451-454 

stack temperature for, 182, 660 
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Tubestills, temperature at outlet of, 
265-267, 354 

tube-support materials for, 284, 
285, 461 

tubes for, 454-460 
types of, 431-435 
Turbulent flow, 164, 166, 167 

U 

Unimolecular reaction, 331, 333 
Union colorimeter, 41 

V 

Vacuum, distillation by, 10, 18, 19, 
354, 355, 372-378 
in laboratory, 53-61 
effect of, on boiling-point, 29,129- 
132, 230-237 

Vacuum condenser, 420-426 
Vacuum decomposition process, 306, 
313-320 

Vacuum flash vaporizer, 59-61 
Valuation (see p]vahiation) 

Vapor heat exchanger, 388 
Vapor liquid equilibrium, 221, 227- 
250 

Vapor-lock, 38, 139 
Vapor-phase treating, 604-606 
Vapor-pressure, 29, 129-132 
of gasoline, 137, 138, 551-555 
of hydrocarbons, 29, 131 
of oils, 128-132 
partial, 229, 230, 570 
Reid vs. true, 553-555 
Vaporization, 220-257 
batch, or differential, 222, 224 
in critical region, 247-250 
equilibrium flash, 223, 238-247 
equipment for, 59-63 
heat of, 104-106, 114, 115 
mechanism of, 220-226 
minimum, 266, 498 
successive flash, 223, 247^ 254, 
255, 370-372 

Vaporizer temperature of tower, 355, 
669, 677 

Viscosity, absolute, 42 
of blends, 120-122 


Viscosity, of crude oils, 69, 72 
Furol, 43, 44 

effect of pressure on, 126, 127 
of temperature on, 69-71, 121 
127 

kinematic, 43, 44, 104 
mid-per-cent curves of, 52, 73-75, 
84 

of mixtures of vapor-oil, 168-170 
of oils, liquid, 122-127, 145-148 
relative, 42 

Saybolt Universal, 43, 44 
of vapors, 126, 127, 168-170 
by various instruments, 43, 44 
yield curves of, 73-75, 85, 86, 91, 
92 

Viscosity breaking process, 6, 509, 
512, 522, 525 

Viscosity-gravity constant, 71 
Viscosity index, 10, 69-71, 147, 616 
Viscosity tests, 42-44 
Volatility of gasoline, 138 
Volume, at critical condition 114, 
115 

effect of temperature and pr(?s- 
sure on, 109-116 
of gases, 109-113 
mol, 109, 189-191 
reduced. 111 

W 

Waste-water disposal, 384-386 
Water, cost of, and amount required, 
650 

Wax, 14-16, 19, 23, 27, 107,150,152, 
626-629, 633-639, 649, 650, 654 
amorphous and cr>'stalline, 16, 
626-629 

cost of manufacture of, 649, 650, 
654 

crystallization of, 627-629, 635- 
639 

heat of fusion of, 107 
intermediale, 634 
properties or specifications of, 
150-152 

removal of (see Dewaxing) 
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Wax, slack, 15, 16, 629, 633”635 
Wax-bearing crude oil, 18, 68, 69 
Wax (or paraffin) distillate, H-ld, 
372-376, 635-639 
Wax paper, 14 

Wax removal (see Dewaxing) 
Weathering of natural gasoline, 8 
Weirs, 173 
White oils, 146, 148 
Wild, or unstable, gasoline, 545, 547, 
550 


Winkler-Koch cracking process, 
514-519 

Work test for lubes. Navy, 149 
Y 

Yield, or cumulative, curves, 53, 85, 
86, 353-377 

Yields by cracking, 96, 294, 295, 
299-303, 305-309, 518, 525 
532 





